Atty. Dkt. No. 039386-2008 
Appl. No. 09/937,059 

REMARKS 

The Applicants respectfully request reconsideration of the present application in view 
of the foregoing amendments and in view of the reasons that follow. 

I. Amendments to the claims 

Claims 24 and 33 are currently being amended. The claim amendments do not add 
new matter. Exemplary support for the amended claims can be found in the specification at 
page 6, lines 17-35. 

This amendment adds, changes and/or deletes claims in this application. A detailed 
listing of all claims that are, or were, in the application, irrespective of whether the claim(s) 
remain under examination in the application, is presented, with an appropriate defined status 
identifier. 

After amending the claims as set forth above, claims 24-34 are now pending in this 
application. 

II. Claim rejections - 35 U.S.C. S 101/112, first paragraph, lack of utility, 
enablement 

Claims 24-34 are rejected under 35 U.S.C. § 101 and 35 U.S.C. § 1 12, first paragraph, 
as allegedly lacking utility. The office action asserts that "since the claimed invention is not 
supported by either a specific and substantial asserted utility or, a well established utility for 
the reasons set forth in the previous Office Action (23 January 2006), one skilled in the art 
clearly would not know how to use the claimed invention." The Applicants respectfully 
traverse this ground for rejection. Independent claims 24 and 33 have been amended; as such, 
the claims are now "supported by either a specific and substantial utility or a well established 
utility." 
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As is well appreciated, it is acceptable for an applicant to rely on post-filing date 
publications from other research groups to relate experimental data in lieu of experiments 
performed by the Applicants to substantiate an assertion of utility. Accordingly, a BLAST 
sequence alignment (Exhibit A) is provided, which identifies a third-party database entry that 
is 100% identical in sequence to the amino acid sequence of SEQ ID NO: 28. This entry, 
submitted by researchers who are not "concerned parties," reference a post filing date 
publication that substantiates a utility for the claimed human transmembrane protein of SEQ 
ID NO: 28, which is encoded by polynucleotide SEQ ED NO: 57. 

The publication, Grasberger and Refetoff, J. Biol. Chem., 281(27):18269-18272 
(2006), ("Grasberger, et al" Exhibit B), describes the characterization of a protein termed 
dual oxidase maturation factor 2 ("DUOXA2"). DUOXA2 is SEQ ID NO 28. (See sequence 
presented in Grasberger, et al. at 18270 and Exhibit A). DUOXA2 (SEQ ID NO: 28) is an 
endoplasmic reticulum ("ER") transmembrane protein which functions to promote 
endoplasmic reticulum exit and protein maturation of cellular proteins such as dual oxigenase 
2, "DUOX2." (Id. at 18270-71). The Specification at page 6, lines 16-35, describes 
endoplasmic reticulum transmembrane proteins which function in protein maturation and 
transport. (Specification at 6, lines 16-35). Thus, the Office Action assertions that "very little 
information is given in the instant Specification about a specific function for the HTMP 
protein," and that "the claimed HTMP nucleic acid [and protein] is probably not a member of 
any of the protein families listed in the Specification," are incorrect. (Office Action at 4). 

Further, in transporting DUOX2 to cell membranes, SEQ LD NO:28 has been shown 
to play a role in the production of thyroid hormone. (Grasberger, et al. at 18269). Thyroid 
hormone has been known to play a role in some smooth muscle disorders, such as some types 
of cardiovascular disease, and has also been implicated in reproductive and neurological 
disorders. (See e.g. , Buccino, et al , Influence of the Thyroid State, J. Clin. Investigation , 
46(10): 1669-1682 (1967), Exhibit C; Wharton, G.K., Unrecognized Hypothyroidism, Can. 
Med. Assn. J. , April, 371-376 (1939), Exhibit D; Martin, et al , Peripheral Neuropathy in 
Hypothyroidism - an Association with Spurious Polycythaemia (Gaisbock's Syndrome), J. 
Royal Soc. Med ., 76:187-189 (1983), Exhibit E; Semple, et al, Hypothyroidism Presenting 
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with Hyperprolactinaemia, British Med. J .. 286:1200-1201 (1983), Exhibit F; Inuwa, et al , 
Morphometric Study on the Uterine Horn and Thyroid Gland in Hypothyroid, and Thyroxine 
Treated Hypothyroid Rats, J. Anat ., 188:383-393 (1996), including a review of 
hypothyroidism and reproductive consequences in the introduction, Exhibit G). Thus, 
detection of aberrant SEQ LD NO: 28 activity or expression is likely indicative of aberrant 
thyroid levels; as noted in the specification, detection, diagnosis and treatment of smooth 
muscle, reproductive and neurological disorders may be achieved. {See Specification at page 
8 lines 21-24; pages 36 and 37). Additionally, SEQ ID NO:28 has been implicated as a 
possible cause of hypothyroidism. (Grasberger, et al. at 18269). 

Accordingly, the Office Action assertions that there is "no nexus between the HTMP 
and any disease" and that "significant experimentation would be required of the skilled 
artisan to specifically characterize the protein and search of possible diseases caused by 
mutation of the HTMP protein" are also incorrect. (Office Action at 5). As such, the claimed 
invention may be used as described in the specification to detect, diagnose, characterize and 
treat disease by detecting the presence, absence and/or amount of SEQ ID NO: 57 and 
variants thereof (e.g., gene mutations, mRNA abnormalities, etc.), or SEQ ID NO: 28 and 
variants thereof. (See e.g, specification at page 45 lines 5-7, 34-35 and lines 27-29). 

Thus, the peptide encoded by SEQ ID NO: 28 and the nucleic acid which encodes this 
peptide, SEQ ID NO: 57, have a credible, specific and substantial utility. 

For at least the reasons stated above, reconsideration and withdrawal of the rejection 
under 35U.S.C.§101 and § 1 12 first paragraph, for lack of utility and enablement is 
requested. 

III. Claim Rejection - 35 U.S.C. § 112, first paragraph - written description 

The Office Action asserts that claims 24, 27-30 and 33 are rejected under 35 U.S.C. 
§ 1 12, first paragraph, as allegedly "containing subject matter which was not described in the 
specification in such a way as to reasonably convey to one skilled in the relevant art that the 
inventor, at the time the application was filed, had possession of the claimed invention." 
(Office Action at 8). The Office Action asserts that "Applicants have not described or shown 

-6- 

MILW 2130731 



Atty. Dkt. No. 039386-2008 
Appl. No. 09/937,059 

possession of all polypeptides 95% homologous to SEQ ID NO: 28, that are functionally 
equivalent to SEQ ID NO: 28." Id. The Office Action further asserts that the Applicants 
have not described "a representative number of species that have 95% homology to SEQ ID 
NO: 28, such that it is clear that they were in possession of a genus of polypeptides 
functionally similar to SEQ ID NO: 28." The Applicants respectfully traverse the rejection. 

The claims have been amended to include the following functional language: 
"wherein the polypeptide functions to promote protein exit from the endoplasmic reticulum 
and protein maturation." The specification fully supports the amended claims and one skilled 
in the art would determine that the inventors had possession of the claimed invention at the 
time of filing. 

"What is conventional or well known to one of ordinary skill in the art need not be 
disclosed in detail," and "if a skilled artisan would have understood the inventor to be in 
possession of the claimed invention at the time of filing, even if every nuance of the claims is 
not explicitly described in the specification, then the adequate description requirement is 
met." (MPEP § 2163.HA.3). Here, it would have been routine-conventional-for one of skill 
in the art to perform assays to simply determine whether a transmembrane protein that has 
95% homology to SEQ ID NO: 28 functions to promote protein exit from the ER and protein 
maturation. 

For example, host cells {e.g., HeLa cells) could be transfected with a "target protein" 
which requires the activity of SEQ ID NO: 28 to exit the ER or for maturation. An exemplary 
target protein is the dual oxigenase 2 protein, "DUOX2" (as described in Grasberger, et al at 
18269 and 18271). Without a transmembrane protein such as SEQ ID NO: 28, the target 
protein remains in the ER; it is not transported to the plasma membrane or to other regions of 
the cell and thus cannot be detected on the outside of the cell or in other regions of the cell. 
And, without SEQ ID NO: 28, a target protein such as DUOX2 cannot mature and cannot 
effectively perform its function, (e.g., generate H2O2, Grasberger, et al at 18271). A co- 
transfection with the transmembrane protein (e.g., a peptide having 95% homology to SEQ ID 
NO: 28) and the target protein can be performed. This can be followed by an assay for 1) the 
presence of the target protein on the plasma membrane or in non-ER regions of the cell, 2) 
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the mature protein, and/or 3) the mature protein function. One of skill in the art could then 
easily determine whether the transmembrane protein functioned to promote exit of the target 
protein from the ER and protein maturation. Additionally or alternatively, ER preparations of 
host cells transfected with the target protein alone and host cells transfected with both the 
target protein and the transmembrane protein could be performed by methods known in the 
art (e.g., Sigma Endoplasmic Reticulum Isolation Kit, SIGMA, St. Louis, Missouri; see also 
Dallner, Isolation of Rough and Smooth Microsomes - General, Methods in Enzymol ., 
31:191-201 (1974), Exhibit H; Adelman, et al, Non-destructive Separation of Rat Liver 
Rough Microsomes into Ribosomal and membranous Components, Methods in Enzymol ., 
31:201 1-215 (1974), Exhibit I; Schenkman, et ah, Preparation of Microsomes with Calcium, 
Methods in Enzymol ., 52:83-89 (1978), Exhibit J). Then, the presence, absence and amount 
of the target protein in the ER could be evaluated to determine whether the transmembrane 
protein functioned to promote exit of the target from the ER and protein maturation. 

Because it would be conventional or well known to one of ordinary skill in the art to 
perform assays to simply test for the specific function of the transmembrane protein, the 
specification as filed fully supports the amended claims reciting a polypeptide that has at least 
about 95% sequence identity to the amino acid of SEQ ID NO: 28. As such, reconsideration 
and withdrawal of the rejection is respectfully requested. 

IV. Claim Rejection - 35 U.S.C. §112, second paragraph 

The Office Action asserts that claim 33 is rejected under 35 U.S.C. § 1 12, second 
paragraph, for allegedly being indefinite. The Office Action notes that "[a]mending the claim 
to recite 'the polynucleotide of SEQ ED NO 57' would overcome this rejection." (Office 
Action at 10). Claim 33 has been amended as suggested by the Office Action. As such, 
reconsideration and withdrawal of the rejection under 35 U.S.C. §112, second paragraph, is 
requested. 
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V. Conclusion 

The present application is now in condition for allowance. Favorable reconsideration 
of the application as amended is respectfully requested. 

The Examiner is invited to contact the undersigned by telephone if it is felt that a 
telephone interview would advance the prosecution of the present application. 

The Commissioner is hereby authorized to charge any additional fees which may be 
required regarding this application under 37 C.F.R. §§ 1.16-1.17, or credit any overpayment, 
to Deposit Account No. 19-0741. Should no proper payment be enclosed herewith, as by a 
check or credit card payment form being in the wrong amount, unsigned, post-dated, 
otherwise improper or informal or even entirely missing, the Commissioner is authorized to 
charge the unpaid amount to Deposit Account No. 19-0741 . 

If any extensions of time are needed for timely acceptance of papers submitted 
herewith, the Applicants hereby petition for such extension under 37 C.F.R. § 1 .136 and 
authorize payment of any such extensions fees to Deposit Account No. 19-0741 . 



Respectfully submitted, 



Date 



11 -ZO-Ok 




FOLEY & LARDNER LLP 
Customer Number: 22428 



Stephanie H. Vavra 
Attorney for the Applicants 
Registration No. 45,178 
Telephone: (414-319-7305) 
Facsimile: (4 1 4-297-4900) 
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EXPERIMENTAL PROCEDURES |^^BgHlglffl^^H| 

Data Mining and Computational Analysis— Massively parallel signature 
sequencing (MPSS) data (9) were obtained from the NCBI Gene Expression 
Omnibus repository (ww r ncblnlmjuhgov/geo/; records GSE1747 and 
GPL1443). A thyroid specificity score, as defined by Jongeneel etol (9), was calcu- 
lated for signatures with frequency >100 tags per million (~30 mRNA copies/cell) 
in the thyroid/parathyroid library. Tags with scores >-l were mapped to the 
human genome assembly using BLAST. DUOXA homologs were identified by 
tBLASTn searches against the NCBI nr data base and trace archive and BLAT 
queries (at genome.ucsc.edu/) against assembled whole genome sequences. 
Orthologs were operationally defined as reciprocal best BLAST hits. Gene struc- 
tures were deduced by spliced alignment maintaining maximum homolog simi- 
larity of the open reading frames (ORFs) and consensus splice junctions, Cla- 
dograms were constructed from ClustalX alignments (BLOSUM weight matrix, 
excluding gaps) using the Jones, Taylor, and Thornton (JTT) substitution model in 
PHYML 2.4.4 (10). SignalP 3.0 (11) and Phobius (12) were used to analyze signal 
peptides, transmembrane helices, and topology. 

Northern Blot Analysis-^ A human multiple tissue Northern blot (Origene) 
was hybridized with DUOXA2 (125- 470 of DQ489734) and DUOXA1 (1244- 
1623 of BC020841) probes. 

Heterologous Expression ofDUOX2 andDUOXA2 Constructs— cD^A was 
synthesized with Superscript reverse transcriptase (Invitrogen) by oligo(dT) 
priming of total RNA from a normal human thyroid gland. The DUOX2 and 
DUOXA2 ORFs were amplified using native Pfu polymerase (Stratagene) and 
cloned into pcDNA3.1 (Invitrogen). Epitope- tagged constructs and fusions 
with enhanced green fluorescent protein (EGFP) were prepared by replace- 
ment or splicing-by-overlap extension using specifically designed primers. All 
constructs were verified by sequencing. HeLa cells were cultured and trans- 
fected as described (13). 

Confocal Laser Scanning Microscopy— -Indirect immunofluorescence of 
permeabilized cells has been described previously (13). For surface staining, 
cells were incubated with rat anti-HA clone 3F10 and/or mouse anti-c-myc 
clone 9E10 (both from Roche Applied Science) at 1 /ig/ml in Hank's buffered 
saline solution/10 mM Hepes, pH 7.4, 1% bovine serum.albumin at 4 'C. Rabbit 
anti-calnexin was obtained from StressGen. Images were captured on a Nikon . 
Eclipse E800 equipped with PCM2000. 

Analysis of N-Glycosylation—Vostuadezx supernatants (in 50 mM Tris/ 
HCl pH 8.0, 150 mM NaCl, and proteinase inhibitors) were adjusted to 0.5% 
SDS, 0.4 mM dithiotreitol and denatured, at room temperature, for 30 min. 
Samples were deglycosylated with AT-glycosidase F (PNGase F) and endogly- 
cosidase H (Endo H) (both from New England Biolabs) according to manufac- 
turer's recommendations, foDowed by SDS-PAGE under reducing conditions 
and Western blotting as described (13). 

Measurement ofH 2 0 2 Generation— Release of H 2 0 2 was determined' by 
reaction with cell-impermeable 10-acetyl-3,7-dihydroxyphenoxazine (14) 
(Amplex Red reagent, Invitrogen) in the presence of excess peroxidase, pro- 
ducing fluorescent resorufln. Briefly, cell monolayers were incubated, with or 
without 10 jim diphenyleneiodonium (DPI), in Dulbecco's phosphate-buffered 
saline supplemented with 50 Amplex Red reagent and 0.1 unit/ml horse- 
radish peroxidase for 1 h at 37 *C. Relative fluorescence units (excitation/ 
emission: 535/595) were corrected for Amplex Red oxidation in wells contain- 
ing non-transfected cells and converted into H 2 0 2 concentrations- using a ■■ 
calibration curve. Renilla luciferase activity from co-transfected pRL-Tk plas- 
mid (Promega) was used as internal control as described (13). 

RESULTS AND DISCUSSION 

Identification of Novel Genes in the DUOX1/DUOX2 Intergenic Region— 
We used MPSS data for 32 normal human tissues (9) to identify novel transcripts 
with predominant expression in thyroid gland. One of the extracted tags mapped 
to an uncharacterized locus (LOC405753) oriented head-to-head to DU0X2 in 
the ~16-kbp DU0X1IDU0X2 intergenic region. For reasons outlined below, we 
called the corresponding gene DUOX maturation factor 2 {&U0XA2)* 

Based on human-mouse homology (Riken clone 9030623N16Rik), and sup- 
ported by contig assembly of expressed sequence tags (ESTs), it comprises six 



3 The gene name and symbol have been approved by the HUGO Gene Nomenclature 
Committee. 



Dual oxidase 2 (DUOX2), an NADPH:0 2 oxidoreductase flavoprotein, 
is a component of the thyroid H 2 0 2 generator crucial for hormone synthe- 
sis at the apical membrane. Mutations in DU0X2 produce congenital 
hypothyroidism in humans. However, no functional DUOX-based 
NADPH oxidase has ever been reconstituted at the plasma membrane of 
transfected cells. It has been proposed that DUOX retention in the endo- 
plasmatic reticulum (ER) of heterologous systems is due to the lack of an 
unidentified component required for functional maturation of the 
enzyme. By data mining of a massively parallel signature sequencing tissue 
expression data base, we identified an uncharacterized gene named 
DUOX maturation factor (DUOXA2) arranged head-to-head to and co- 
expressed with DUOX2. A paralog (DUOXA1) was similarly linked to 
DUOX1. The genomic rearrangement leading to linkage of ancient DUOX, 
and DUOXA genes could be traced back before the divergence of echino- 
derms. We demonstrate that co-expression of DUOXA2, an ER-resident 
transmembrane protein, allows ER-to-Golgi transition, maturation, and 
translocation to the plasma membrane of functional DUOX2 in a heterol- 
ogous system. The identification oi DUOXA genes has important implica- 
tions for studies of the molecular mechanisms controlling DUOX expres- 
sion and the molecular genetics of congenital hypothyroidism. 



Generation of H 2 0 2 at the apical membrane of thyroid follicular cells is 
essential for iodination of thyroglobulin by thyroid peroxidase and constitutes 
the rate-limiting step of thyroid, hormone synthesis. Dual oxidases (DUOX1 
and DUOX2) 2 appear to constitute the catalytic core of the H 2 0 2 generator (1, 
2). They are large homologs of the phagocyte gp91 plw 7Nox2 NADPH-de- 
pendent oxidase with an N-terminal extension comprising a peroxidase-like 
domain. Although the crucial role of DUOX2 in thyroid hormonogenesis has 
been substantiated by reports of severe congenital hypothyroidism in patients 
with biallelic nonsense mutations (3), the understanding of structure, function, 
and regulation of DUOX has remained limited. The major obstacle for molec- 
ular studies of DUOX is the lack of a suitable heterologous cell system for 
DUOX-based functional NADPH oxidase expression. Transfected cells com- 
pletely retain DUOX in the endoplasmatic reticulum (ER) (4-8), suggesting 
that an unidentified component, essential for DUOX maturation, may be spe- 
cifically expressed in tissues containing the functional enzyme. 
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FIGURE 1. Identification of novel genes in the DUOX1/DUOX2 intergenic region. A sequence of DU0XA2 cDNA and 5'-fIanking region. The GC-rich region upstream of the 
tentative DU0XA2 transcriptional start site (arrow) is in lowercase italics. The predicted membrane-spanning helices and N-glycosylation sites are marked by open boxes and circles, 
respectively. The shaded box indicates the MPSS signature extracted by data base mining, which also contains the 3 '-polyadenylation signal (underlined). Arrows in the upstream 
genomic region indicate the transcriptional start sites of DUOX2 on the opposite strand, as previously determined by 5'-rapid amplification of cDNA ends (23) and as evidenced by 
EST BI045475. B, multiple tissue Northern blot analysis for DUOXA2 and DUOXA1.C, strongly favored topology model for DUOXA2, depicting five membrane-integral regions including 
a reverse signal anchor with external N terminus (type III). Identical topology was predicted for the DUOXA 1 paralogs. O, plot of the residue-wise posterior probability for transmem- 
brane location in DU0XA2. Data were calculated with the hidden Markov model-based predictor Phobius (1 2). Note the potential for two additional membrane-spanning regions in 
the Drosophila homolog (mot-PA). f, maximum likelihood protein cladogram illustrating the relationship of DUOXA homologs (multiple protein alignment shown in Fig. 3S in the 
on-line supplement). Bootstrapping values for 100 replicates are shown at the nodes. The schematic to the right summarizes the results of the microsynteny analysis. In Caenorhab- 
d'ttis elegans, DUOXA homolog and duox are on distinct chromosomes; In 0. melanogaster, they are on the same chromosome, but ~1 4 Mbp apart. Note that for clarity evolutionary 
recent tandem duplications of the protostomal duox loci are not shown. 



exons, confirmed by reverse transcription-PCR amplification from human 
thyroid tissue (GenBank™ accession number DQ489734). The putative tran- 
scription start site defined by clone DKFZp686C04213 maps to a GpC rich 
region (Fig. L4). This site is 135 bp from the 5' terminus of a spliced DUOX2 
EST (BI045475) on the opposite strand. A single polyadenylation signal (Fig. 
LA) is supported by all mapped 3' ESTs. We confirmed a specific transcript of 
the expected size (1.3 kbp) by Northern blot analysis (Fig. LB), which also 
validated the MPSS-based expression profiling: DUOXA2 mRNA was by far 
most abundant in thyroid, with lower levels in salivary glands reflecting the 
known expression profile oiDUOX2 (1, 2, 15). 

The DUOXA2 ORF is initiated within a Kozak consensus (gcagcATGa) and 
spans all six exons. The encoded 320-amino acid protein was strongly pre- 



dicted to comprise five membrane-integral regions, including a reverse signal 
anchor with external N terminus (type III) (Fig. 1Q. The three NX(S/T) con- 
sensus sites for AT-glycosylation are clustered within an extended external loop 
connecting the second and third transmembrane helices. 

We identified a single DUOXA2 paralog in the human genome. We will refer 
to this locus, annotated as "homolog oiDrosophila Numb-interacting protein," 
as DUOXA1. It is immediately adjacent, in tail-to-tail orientation to DUOXA2 
and extends, via untranslated exons, into the DUOX1 promoter region. 
DUOXA1 mRNA was predominantly expressed in thyroid gland and, at lower 
level, in esophagus (Fig. LB). Two transcripts of —2.9 and —3.5 kbp were 
detected, compatible with alternative splicing of 5 ' -untranslated exons and the 
use of alternative 3 '-polyadenylation signals (data not shown). The DUOXA1 
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ORF was confirmed by sequencing from human thyroid cDNA (GenBank™ 
accession number DQ489735). 

By spliced alignment, we deduced the gene structures of all DUOXA 
homologs in 10 other vertebrate whole genome assemblies. The splicing sites 
of all structures were conserved at the single codon level (exon alignment 
shown in Fig. 2S in the on-line supplement). Remarkably, the bidirectional 
DUOX! DUOXA arrangement was conserved throughout the vertebrate line- 
age (Fig. IE, accession numbers of genomic contigs available in Table 4S in the 
on-line supplement). Teleosts have a single DUOXIDUOXA arrangement, 
which has undergone tandem duplication to an inverted repeat {DUOX2I 
DUOXA2IDUOXA1 IDUOX1) before the amphibian divergence. Analyzing 
unassembled genomic contigs, we mapped the evolutionary event leading to 
the bidirectional association of DUOX and DUOXA before the divergence of 
echinoderms, since linkage of the loci was present in Strongylocentrotus pur- 
puratus. Thus, conserved microsynteny in deuterostomes was a strong predic- 
tor for cooperation between DUOX and DUOXA. 

The protostomes C elegans and D. melanogaster lack a DUOXA homolog in 
the vicinity of their respective duox loci They do, however, each harbor a 
single ancient DUOXA homolog. For instance, Drosophila moladietz (mot) 
encodes a 474-amino acid protein that exhibits 39% amino acid identity over 
'256 amino acids with human DUOXA1. 

Functional Rescue ofDUOX2 by DUOXA2— To test whether DUOXA2 can 
reconstitute DUOX2 activity in a heterologous system, we expressed either 
DUOX2, DUOXA2, or both in HeLa cells and measured H 2 0 2 released into 
the culture medium. Transfection of either DUOX2 or DUOXA2 alone did not 
result in increased H 2 0 2 generation compared with nontransfected cells, con- 
firming previous results for DUOX2 (2, 4). Remarkably, co-transfection of 
DUOX2 with DUOXA2 rescued DUOX2 activity as indicated by the signifi- 
cant amounts of H 2 O a released from the cells (Fig. 2A). The H 2 0 2 release 
triggered by DUOX2/DUOXA2 co-transfection was completely blocked by 
the flavoprotein inhibitor DPI (Fig. 2A). 

Co-expression ofDUOXAl Permits ER-Exit ofDUOX2 and Plasma Mem- 
brane Targeting via the Secretory Pathway— -Lack of DUOX2 activity in heter- 
ologous systems has been associated with absence of DUOX2 at the plasma 
membrane (4). To directly test whether reconstitution of active DUOX2 by 
DUOXA2 is indeed due to translocation of DUOX2 to the plasma membrane, 
we HA-tagged DUOX2 at its extracellular domain (HA-DUOX2; tag inserted 
between Asp 27 and Ala 28 ). Non-permeabilized cells showed strong anti-HA 
plasma membrane signals in cells co-transfected with HA-DUOX2 and 
DUOXA2 (Fig. 23). Untransfected cells, or cells transfected with either 
DUOXA2 or HA-DUOX2 alone, were devoid of surface fluorescence (Fig. 25 
and data not shown). 

To determine whether DUOXA2-induced surface expression of DUOX2 
involved ER-to-Golgi transition of DUOX2, we analyzed the maturation of 
DUOX2 AT-glycan moieties using specific glycosidases. 'Whereas all 7v"-glycans 
are cleavable by PNGase F, the ER-derived high-mannose type N-glycans 
become resistant to Endo H once they have been modified by Golgi-localized 
enzymes. HA-DUOX2 expressed in HeLa cells migrated as a single band on 
SDS-PAGE and was sensitive to full deglycosylation by Endo H, consistent 
with published data (4). In contrast, co-transfection with DUOXA2 resulted in 
the appearance of a second DUOX2 species with slightly decreased mobility 
and complete resistance to deglycosylation by Endo H (Fig. 2C). These findings' 
resembled those previously obtained with endogenous DUOX2 protein (4, 5, 
16), indicating that expression of DUOX2 in our reconstituted system involved 
normal maturation of DUOX2 within the secretory pathway. 

Characterization ofDUOXA2 as ER-resident iVotei/i— DUOXA2 could be 
an integral part of a DUOX2 complex, endowing a holocomplex with the 
ability to exit the ER and reach the plasma membrane. We, therefore, deter- 
mined whether myc-tagged DUOXA2 alone or in combination with DUOX2 
would be detectable at the plasma membrane. Of several constructs tested, 
only DUOXA2 with N- (myc-DUOXA2) or C-terminal (DUOXA2-myc/His) 
attached myc tags were fully functional in rescuing DUOX2 activity as assessed 
by Hfii generation and HA-DUOX2 plasma membrane targeting (data not 
shown). However, neither myc-DUOXA2 nor DUOXA2-myc/His was detect- 
able at the plasma membrane (data not shown), although they had the 
expected size on Western blot analysis (Fig. ZA) and intracellular^ co-local- 
ized with HA-DUOX2 (Fig. SB). 

To exclude that this was due to a discrepancy between the modeled and 
actual DUOXA2 membrane topology or due to' masking of the N-terminal 
epitope tag, we fused EGFP/myc to the C terminus of DUOXA2 (an N-termi- 
nal fusion was not functional). As shown in Fig. 3C, DUOXA2-EGFP/myc did 
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FIGURE 2. Co-expression of DUOXA2 promotes ER release, Golgi modification, and 
surface expression of functional DUOX2 in a heterologous system.^, H 2 0 2 genera- 
tion in HeLa cells transfected with the indicated constructs. Total amount of DNA per 
transfection was kept constant by adjusting with empty vector. Vp < 1 0~ 7 versus single 
transections (n = 10). B, DUOX2 is targeted to the plasma membrane in cells co-express- 
ing DUOXA2. Surface expression of DUOX2 {red) was detected by indirect immunofluo- 
rescence via an HA tag in the extracellular peroxidase-like domain of DUOX2. DNA is 
stained with Hoechst 33342 (blue). C, co-expression of DUOXA2 results In the appearance 
of a higher molecular weight DUOX2 band with Endo H-resistant N-glycans, suggesting 
modification within the Golgi complex. 

not co-localize with HA-DUOX2 at the plasma membrane, the latter delin- 
eated by anti-HA surface staining. The intracellular'distribution of DUOXA2- 
EGFP/myc (and of DUOXA2-myc/His) showed a similar distribution pattern 
as the ER-marker calnexin (Fig. 3-D). 

To further corroborate that DUOXA2 is indeed an ER-resident protein, we 
analyzed the maturation of DUOXA2-myc/His N-glycosylation in cells co- 
expressing HA-DUOX2. We found that the N-glycans of DUOXA2-myc/His 
were exclusively of the high-mannose type (Fig. 3£). In contrast, detection of 
HA-DUOX2 in the same samples demonstrated, again, that about half of 
DUOX2 protein had been subject to Golgi modification of its glycosylation 
(data not shown, compare Fig. 2Q. Collectively, these results indicate that 
DUOXA2 is not an integral part of a DUOX2 enzyme complex at the plasma 
membrane but an ER-resident protein promoting ER exit and maturation of 
DUOX2. It should be noted that N-glycosylation of DUOXA2 supports our 
topology model (Fig. 1Q, since the apparent molecular weight of the Af-glycan 
moieties (—10 kDa) indicates AT-glycosylation of all three consensus sites. 
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FIGURE 3. Characterization of DUOXA2 as ER-resident protein. A, Western blot anal- 
ysis of myc-tagged DUOXA2 constructs. 8, confocal microscopy reveals intracellular co- 
localization of DUOXA2-myc/His with HA-DUOX2 in permeabilized cells. C DUOXA2- 
EGFP/myc allows functional rescue of HA-DUOX2 (visualized by surface staining) but 
does not co-localize with HA-DU0X2 at the plasma membrane. D, intracellular distribu- 
tion of DUOXA2-EGFP/myc compared with endogenous calnexin. E, DUOXA2-myc/His 
N-glycan moieties are not subject to Golgi modification in cells co-expressing 
HA-DUOX2. Scale bars in B-D represent 1 0 pm. 

An Evolutionary Perspective on the Physiological Role of DUOXA— The 
DUOX/DUOXA transcriptional unit is an excellent example of bidirectional 
transcription of tightly linked genes that are not structurally related but are 
involved in the same pathway, an arrangement considered equivalent to a 
prokaryotic operon (17). In contrast to the organization in deuterostomes, the 



two protostomal DtfOXA-homologs analyzed were not genetically linked to 
duox; in fruit flies, there is also evidence for a distinct functional speciatiort 
The Drosophila DtfOXA-homolog {mol) encodes a plasma membrane protein 
(mol-PA) implicated in the polarized recruitment of a cytosolic signal media- 
tor (Numb) to the plasma membrane (18). That mol-PA may not cooperate 
with Drosophila Duox is also suggested by the distinct phenotypes caused by 
deficiency of mol (memory loss; listed as CG4482 in Ref 19) or Drosophila duox 
(defective gut immunity) (20). Remarkably, this functional divergence relates 
to a distinct topology prediction of the region likely crucial for functional 
speciation of mol-PA and DUOXA In DUOXA, the second and third trans- 
membrane helices are connected by an extended luminal loop consistent with 
AT-glycosylation of DUOXA2 (Figs. 1C and 3£). In mol-PA the equivalent 
region harbors a binding motif crucial for recruitment of Numb (18), which, 
therefore, would have to be cytosolic. Analysis of the residue-wise posterior 
probabilities for a given state (inside/outside/transmembrane) in the 1-best 
Phobius topology models indeed supports such a scenario of distinct mem- 
brane topologies: the profile of transmembrane probabilities in mol-PA, but 
not vertebrate DUOXA, indicates the potential for two additional membrane- 
spanning helices (Fig. LD), which would flank the Numb-binding motif result- 
ing in its cytosolic exposure. 

If, as we propose, DUOX expression in Drosophila does not require moU 
what could have been the advantage of a DUOX/DUOXA system that caused 
its maintenance in deuterostomes over more than 500 million years (21) of 
divergent evolution? For unexplained reasons, in sea urchin eggs (22) and 
likewise in follicular thyroid cells (4), the bulk of DUOX protein is not detected 
at the cell surface but in intracellular compartments, which could provide a stim- 
ulus-recruitable pooL Thus, from an evolutionary perspective, the emergence of 
DUOXA may have provided an additional level of DUOX regulation, specifically, 
the control of DUOX translocation to the plasma membrane. The ability to recon- 
stitute active DUOX enzyme will provide the tool to investigate the molecular 
mechanisms underlying DUOX expression in diverse model systems. 
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Abstract. The intrinsic contractile properties of isolated cat papillary muscles 
and myocardial high energy phosphate stores were examined at three levels 
of thyroid activity and correlated with hemodynamic measurements in the 
intact animal. In addition, the relationship of thyroid state to endogenous 
norepinephrine stores and myocardial responsiveness to certain inotropic in- 
terventions were studied. In muscles from hyperthyroid cats, the velocity 
of shortening and the rate of tension development were markedly augmented, 
while duration of active state was decreased, compared to euthyroid muscles. 
These^ndings occurred in the presence and absence of intact norepinephrine 
stores and over a wide range of temperature and contraction frequency. The 
opposite^changes occurred in muscles from hypothyroid cats. Isometric ten- 
sion was slightly higher in muscles from hyperthyroid and lower in muscles 
from hypothyroid cats. The inotropic response to both norepinephrine and 
strophanthidin varied inversely with the level of thyroid state and allowed all 
three groups of muscles to reach a common ceiling of isometric tension re- 
gardless of thyroid state. Creatine phosphate and adenosine triphosphate 
stores were intact at all three levels of thyroid state. Thus, the level of thy- 
roid activity profoundly affects the intrinsic contractile state of cardiac muscle, 
independent of both norepinephrine stores and alterations in high energy phos- 
phate stores, and, in addition, modifies the responsiveness of cardiac muscle 
to inotropic agents. 



Introduction 

It is well known that alterations in thyroid ac- 
tivity result in profound changes in cardiovascu- 
lar function. It has been shown, or it is generally 
believed, that cardiac index, heart rate, mean sys- 
tolic ejection rate, and the response to sympathetic 
stimuli are elevated in hyperthyroidism, while 
peripheral vascular resistance, arterio-mixed ve- 
nous 0 2 difference, and the response to digitalis 
glycosides are reduced (1-5). The opposite 
changes have been noted in myxedema. In the 
intact organism, these alterations irr cardiovascu- 
lar function have been interpreted as secondary 
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vised form 9 June 1967. 
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to the changes in peripheral metabolic require- 
ments (1, 2), in peripheral vascular resistance 
(3), and in the autonomic nervous system (2, 6) 
induced by the abnormal thyroid state. However, 
the possibility exists that thyroid hormone ex- 
erts a more direct effect on the intrinsic contrac- 
tile properties of the myocardium and that the 
changes in the circulation result, at least in part, 
from such a direct effect. Furthermore, assess- 
ment of myocardial energy stores is essential in 
relation to studies of contractility, since consider- 
able evidence has accumulated to indicate an ef- 
fect of thyroid hormone on oxidative phosphoryla- 
tion (7). 

Accordingly, the aim of the present investiga- 
tion was to determine the effects of hyper- and hy- 
pothyroidism on: (a) the intrinsic contractile 
properties of the myocardium in the presence and 
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absence of intact norepinephrine stores; (b) the 
contractile responses of the myocardium to various 
inotropic stimuli; and (c) the high energy phos- 
phate stores in the myocardium. The recent de- 
velopment of methods for detailed and quantita- 
tive analysis of mechanical characteristics of iso- 
lated cat papillary muscle (8), removed from the 
nervous, humoral, and metabolic influences that 
exist in vivo, and the ability to compare the func- 
tion of muscles obtained from different groups of 
animals (9), permit critical examination of these 
problems. In addition, although interpretation 
of many previous studies of myocardial high en- 
ergy phosphate stores in altered thyroid states 
(10-14) was limited by the extreme lability of 
these energy stores, recent , modifications of biopsy 
and analytic techniques have made possible the 
accurate assessment of these stores in vivo (15, 
16). 

The basic experimental plan was to compare the 
behavior of muscles obtained from three groups of 
cats: (a) untreated, i.e., euthyroid; (b) hypo- 
thyroid; and (c) hyperthyroid. Two additional 
groups of animals were studied to define the 
relationship between norepinephrine stores and 
hyperthyroidism; one group was subjected to 
catecholamine depletion with reserpine, adminis- 
tered before and concurrent with induction of 
the hyperthyroid state, and the other was treated 
with the same schedule of reserpine alone. The 
intrinsic contractile properties of isolated heart 
muscle were examined in papillary muscles and the 
effects of certain inotropic interventions were 
studied. To correlate the intrinsic function of the 
isolated myocardium with cardiovascular function 
in the intact organism, we performed cardiac 
catheterization and hemodynamic studies. 

The results of these studies indicate that the 
intrinsic contractile state of cardiac muscle and its 
responsiveness to inotropic agents are profoundly 
affected by the level of thyroid state. Also it was 
found that these changes do not result from altera- 
tions in myocardial high energy phosphate stores 
and are not dependent upon intact norepinephrine 
stores. 

Methods 

Right ventricular papillary muscles were isolated from 
24 normal cats, 13 cats given a single intraperitoneal in- 
jection of radioactive m I (1 mc/kg) 3 months previously, 
13 cats subjected to intraperitoneal injection of /-thyrox- 



ine (1 mg/kg per day) for 8-17 days, six cats pre- 
treated with reserpine (0-5 mg/kg per day) for 2 days 
and then treated concurrently with maintenance reserpine 
(0.02 mg/kg per day) and /-thyroxine (1 mg/kg per 
day) for an additional 8-13 days, and six cats treated 
only with reserpine in the same amounts. Before sacri- 
fice, serum was obtained for determination of protein- 
bound iodine and cholesterol and right heart catheteriza- 
tion was performed. The animals were anesthetized with 
intravenous pentobarbital (10-25 mg/kg) ; arterial pres- 
sure and blood samples were obtained through a poly- 
ethylene catheter inserted into the abdominal aorta via 
the femoral artery, while right ventricular pressure and 
mixed venous blood were obtained through a catheter in- 
serted into the right ventricle from the external jugular 
vein. The electrocardiogram was monitored, pressures 
were measured by Statham pressure transducers (P23Db, 
Statham Instruments, Inc., Los Angeles, Calif.), and all 
signals were recorded on a multichannel oscillograph. 
Cardiac output was determined by the indicator dilution 
technique, with the injection of indocyanine dye into the 
right ventricle and the withdrawal of blood through a 
cuvette densitometer from the aorta. Oxygen consump- 
tion was calculated as the product of the cardiac output 
and the arterio-mixed venous oxygen difference and cor- 
rected for unit surface area according to the equation 
developed for the cat by Bartorelli and Gerola, m* = 
0.087 kg 5 * (17). 

After the hemodynamics study, intermittent positive 
pressure ventilation was provided via a tracheostomy and 
care was taken to assure adequate oxygenation and a 
stable hemodynamic state. The chest was opened widely 
and biopsies of right and left ventricular myocardium for 
measurement of high energy phosphate stores were ob- 
tained with a 6 inch mastoid rongeur. Myocardial speci- 
mens, weighing an average of 22 mg, were frozen in 
liquid nitrogen within 0.5 sec. The sample from the 
second ventricle to be biopsied was analyzed only if ob- 
tained within 3 sec of the first biopsy. Biopsies were 
transventricular and the right ventricle was sampled first 
in most cases. 

After the biopsies, the hearts were rapidly extirpated 
and right ventricular papillary muscles were removed 
immediately and suspended in a bath containing oxygenated 
Krebs' solution. The technique and apparatus utilized 
to study mechanical function of isolated papillary muscles 
have been described in detail (8). In brief, the papillary 
muscle was held at its lower nontendinous end by a spring- 
loaded clip, forming the end of a rigid pin penetrating the 
bottom of a bath and attached directly to a Statham (GI- 
4-250) force transducer. The tendinous end of the muscle 
was attached to a lever mounted on a rigid Palmer stand 
(D12, C. F. Palmer, Ltd., London, England), arranged 
so that both isotonic and isometric contractions could 
be studied. Papillary muscles were stimulated with 
square wave dc impulses of 9 msec duration and a 
voltage 10-25% greater than threshold, delivered through 
field electrodes placed parallel to the long axis of the 
muscle. Shortening, tension, and the stimulus artifact 
were recorded at a paper speed of 100 mm/sec on a mul- 
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TABLE I 

Hemodynamic and biochemical determinations at three levels of thyroid activity 





PBI 


Cholesterol 


Heart 
rate 


Cardiac 
index 


Stroke index 


Mean 
systolic 
ejection 
rate 


A-VOt 
difference 


Oxygen 
consump- 
tion 




tig/ 100 ml 


mg/100 ml 


bcats/min 


ml/min 


ml /kg per beat 


ml/kg 


vol % 


ml/min 








per kg 




per sec 




per m* 


Hypothyroid 


1.2 d= 0.2* 


124.3 ± 13.1J 


160 ± 9§ 


113 =b 9J 


0.78 =fc 0.10* 


3.0 ± 0.4* 


4.9 =b 0.2f 


91 ± 10} 


(15) 


(15) 


(9) 


(9) 


(9) 


(5) 


(9) 


(9) 


Euthyroid 


4.3 ± 0.2 


101.2 =b 10.0 


212 db 19 


124 ± 18 


0.63 ± 0.09 


5.2 ± 0.3 


5.6 ± 0.4 


115 ± 16 


(24) 


(24) 


(7) 


(7) 


(7) 


(7) 


(7) 


(7) 


Hyperthyroid 


>25* 


49.1 ± 7.3* 


245 ± St 


212 =fc 28§ 


0.81 ± 0.09} 


9.8 db 1.0* 


6.9 ± 0.7J 


222 ± 28* 


(12) 


(12) 


(5) 


(5) 


(4) 


(3) 


(4) 


(4) 



PBI, protein-bound iodine; A- V, arteriovenous. 

Values represent mean =b standard error of the mean with the number of animals for each determination indicated 
in parentheses. 

* p a <0.01 when compared to euthyroid. 
ip = >0.05 when compared to euthyroid. 
§ P = <0.05 when compared to euthyroid. 



tichannel oscillograph, and the rate of tension develop- 
ment, time to peak tension, and velocity of shortening 
were determined from these recordings. In order to 



1.5 



VELOCITY 

(muscle 
lengths L0 
per sec) 



0.5 



A-—- A Hyperthyroid (13) 

■ ■ Euthyroid (12) 

• Hypothyroid (12) 




FlC. 1. THE AVERAGE FORCE-VELOCITY RELATIONSHIP FOR 
PAPILLARY MUSCLES FROM HYPERTHYROID, EUTHYROID, AND 

hypothyroid cats. Initial velocity of shortening is nor- 
malized in terms of muscle lengths per second, and load, 
corrected for cross-sectional area of individual muscles, 
is expressed in g/mm\ Brackets represent ± sem. 



compare the mechanical function of papillary muscles of 
different sizes, we corrected tension for cross-sectional 
area and expressed it in grams per square millimeter and 
expressed velocity of shortening in terms of muscle 
lengths per second. 

Temperature was maintained at 30 °C and frequency 
of contraction at 12/min, except when the effects of 
changes in these two variables were studied specifically. 
Responsiveness to cardiac glycosides was studied by 
measuring the maximum active tension 20 min after the 
addition of strophanthidin to individual preparations to 
achieve final concentrations of 0.01, 0.10, 0.25, 0.50, and 
1.00 Atg/ml. In separate muscles, the responsiveness to 
/-norepinephrine was similarly studied at 5-min intervals 
with concentrations of 10" w to 10"* mole/liter, without 
washout between additions of the catecholamine. 

Right ventricular norepinephrine concentration was 
measured spectrophotofluorometrically by the trihydroxy- 
xndole method as described in detail elsewhere (18). 
Myocardial biopsies for high energy phosphate determi- 
nations were stored in liquid nitrogen. On the day of 
assay, each tissue was pulverized at — 50° C as previously 
described (16) and perchloric acid extracts were pre- 
pared. Creatine phosphate (CP) and inorganic phos- 
phate (Pi) were determined by the phosphomolybdate 
method of Fiske and Subbarow (19) as modified by 
Furchgott and De Gubareff (15). Creatine concentra- 
tions were measured by the a-napthol-diacetyl method of 
Ennor and Rosenberg (20, 21), and adenosine triphos- 
phate (ATP) by a modification of the firefly luminescence 
method of Strehler and McElroy (22). Modifications of 
these procedures have been described previously in de- 
tail (16). To avoid possible errors involved in weighing 
small tissues in the frozen state, we calculated sample 
weights by the determination of creatine concentration in 
two separately obtained samples of the right ventricle 
and the creatine content of the biopsy sample as previ- 
ously described (16). 

Statistical analyses were performed utilizing Student's 
unpaired t test to compare the mean values in muscles 
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from hyperthyroid and hypothyroid cats with those of eu- 
thyroid cats. Differences between groups were consid- 
ered to be statistically significant when P < 0.01 and 
probably significant when 0.01 < P < 0.05. 

Results 

/. Characterization of thyroid state 

A. Protein-bound iodine and serum cholesterol 
Serum protein-bound iodine was significantly ele- 
vated in the hyperthyroid and reduced in the hy- 
pothyroid cats ; serum cholesterol was significantly 
reduced in the hyperthyroid cats and slightly, but 
not significantly, elevated in the hypothyroid cats 
(Table I). 

B. Hemodynamic measurements. In the hyper- 
thyroid animals, cardiac index, mean systolic ejec- 
tion rate, and total 0 2 consumption were all sig- 
nificantly elevated above normal while in the hy- 
pothyroid cats the heart rate and mean systolic 
ejection rate were reduced significantly below the 
values observed in the euthyroid animals (Table 

i). 



77. Myocardial mechanics 

A. Analysis of isotonic contractions. Maximum 
velocity of isotonic shortening (f^max) was found 
to vary directly with the level of the thyroid state 
(Fig. 1) ; at the lightest load studied (0.5 g/mm 2 ), 
^max averaged 0.90 ± 0.08 muscle lengths/sec in 
the muscles from 12 euthyroid cats and was sig- 
nificantly lower (P<0.01) in the muscles ob- 
tained from 12 hypothyroid cats (0.58 ±0.12 
muscle lengths/sec) and significantly higher (P < 
0.01) in the muscles from 13 hyperthyroid cats 
(1.67 ±0.12 muscle lengths/sec). Expressed in 
terms of Hill's equation (23), these curves can be 
analyzed as displaced hyperbolae (24) and the con- 
stants a and b and the actual F ma x of the Hill 
equation may be calculated (Fig. 2). The ratio 
a/P 0 , which characterizes the steepness of the 
force-velocity curve, was not greatly altered by 
changes in thyroid state, while b, the velocity con- 
stant, and calculated F max which equals (P 0 /a)b, 
were directly related to the level of thyroid activity. 



■ • ▲ 

Euthyroid Hypothyroid Hyperthyroid 
Potg/cnfleOO 600 800 


0{g*nni75 


150 


170 


Q/P0 0.22 


0.25 


0.21 


b(l/sec 10.27 


0.21 


0.47 


Vmax 1.24 
U/sec) 


0.84 


2.21 




P (g/mm 2 ) 

Fig. 2. Constants op the Hill equation obtained by linearization of the 
data shown in Fig. 1. The Hill equation, (P + a)V= (P 9 -P)b, may be rear- 
ranged to the form of a linear equation, P» - P/V = l/b(P + a), where P=load, 
V — velocity of shortening, P$ = maximum isometric force, and a and b are constants 
which may be derived from the force- velocity curve. Substituting the values from 
Fig. 1, the relations shown in Fig. 2 are obtained. The slope of the line equals l/b t 
and the intercept on the y axis equals a in the Hill equation. The values thus ob- 
tained are shown in the insert of the figure. 
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Fig. 3. Isometric tension examined in relation to time and analyzed in 
terms of its component factors as a function of level of thyroid state. 
Tension represents maximum active tension, measured at the peak of the length- 
active tension curve. Rate of tension development was measured as the maximum 
slope of the tension curve, and time to peak tension was measured from the stimu- 
lus. Tension curves in the lower panel represent average data, as presented in col- 
umns of the upper panel, for muscles from 11 hyperthyroid, 8 euthyroid, and 13 
hypothyroid cats. NS = P > 0.05. 



B. Analysis oj isometric contractions. The com- 
pliance of the papillary muscle was unchanged by 
alterations in the level of thyroid state as shown 
by the essentially identical length-resting tension 
curves in the muscles from all three groups of cats. 
At L max , i.e. the muscle length at which active ten- 
sion was maximal, resting tension averaged 1.9 ± 
0.6 g/mm 2 in the muscles obtained from the 7 
hyperthyroid cats, 2.3 ± 0.4 g/mm* in the muscles 
obtained from the 12 euthyroid cats, and 2.5 ± 0.3 
g/mm 2 in the muscles obtained from the 11 hypo- 
thyroid cats. These values did not differ signifi- 
cantly from one another nor were there differ- 
ences in resting tension among the three groups 
of muscles at other portions of the length-resting 
tension curve. 

Active tension at the peak of the length-active 
tension curve averaged 6.8 ± 0.3 g/mm 2 in the 
muscles from 24 euthyroid animals, 7.7 ± 0.5 g/ 
mm 2 in the muscles from 11 hyperthyroid animals, 
and 5.4 ± 0.7 g/mm 2 in the muscles from 13 hy- 
pothyroid animals. Although the hyper- and hy- 
pothyroid groups did not differ significantly from 



the euthyroid, the maximum isometric tension in 
the hyperthyroid muscles was significantly (P < 
0.02) greater than that in the hypothyroid group. 

When tension was explained as a function of 
time and analyzed in terms of the rate of tension 
development and the time from stimulus to peak 
tension, it was observed that the level of thyroid 
state affects the contractile performance of the 
isometrically contracting muscle to a much greater 
extent than is indicated by the relatively small 
changes in peak tension (Fig. 3). Time to peak 
tension varied inversely with the level of thyroid 
state, averaging 458 ± 16, 406 ± 22, and 326 ± 28 
msec, and the rate of tension development varied 
directly, averaging 17.6 ± 2.8, 29.8 ± 3.9, and 
44.6 ± 3.6 g/mm 2 per sec, for the hypothyroid, 
euthyroid, and hyperthyroid groups, respectively, 
measured at 30° C and 12 contractions/min. 

Variations in temperature from 21° to 37 °C and 
variations in the frequency of contraction from 6 
to 48/min resulted in directionally similar changes 
in the time to peak tension and the rate of tension 
development in muscles from each group of ani- 
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Fig. 4. Time to peak tension (A), rate of tension development (B), and tension (C) 

MEASURED AT VARIOUS TEMPERATURES IN 8 MUSCLES FROM HYPERTHYROID CATS (A), 10 FROM 
EUTHYROID CATS (■), AND 5 FROM HYPOTHYROID CATS (#). 



mals (Figs. 4 and 5). Consequently, the differ- 
ences in time to peak tension and rate of tension 
development observed at 30° C and 12 contrac- 
tions/min among the three groups pertained to 
the entire range of temperature and frequency 
studied. 

Absolute tension represents the interaction be- 
tween the rate of tension development and the time 
to peak tension. As temperature was raised in 
muscles obtained from hyperthyroid and euthyroid 
cats, at a constant frequency (12/min), time to 
peak tension was shortened relatively more than 
the rate of tension development was augmented, so 
that tension fell (Fig. 4C). On the other hand, 
in muscles removed from hypothyroid cats, the re- 
ciprocal changes in the rate of tension develop- 
ment and time to peak tension were of similar 



relative magnitude, so that the resultant tension 
showed little change as temperature was varied 
between 21° and 37°C. When temperature was 
maintained constant (at 30°C) and frequency of 
contraction increased from 6 to 48/min, the time 
to peak tension declined (Fig. 5 A) while the rate 
of tension development was augmented in all 
three groups of muscles (Fig. 5B). In the 
muscles removed from the euthyroid and hypo- 
thyroid cats, the rate of tension development 
rose proportionately more than the time to peak 
tension declined and, as a consequence, tension 
increased as frequency was elevated. On the 
other hand, in the muscles removed from hyper- 
thyroid cats, the augmentation in the rate of 
tension development was not as great as in the 
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FREQUENCY (CONTRACTIONS / MINUTE) 
Fig. 5. Time to peak tension (A), rate of tension development (B) f and tension (C) measured at vari- 
ous CONTRACTION FREQUENCIES IN MUSCLES FROM 11 HYPERTHYROID CATS (A), 8 EUTHYROID CATS (■), AND 12 HY- 
POTHYROID CATS ( • ) . 
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Fig. 6. The effects of a cardiac (;lvcosiije, strophanthidin, on isometric 

TENSION AT 30° C AND 12 CONTRACTION S/M IN IN PAPILLARY MUSCLES FROM 7 
HYPERTIIVROID CATS (A), 12 EUTHYROID CATS (■), AND 8 HYPOTHYROID CATS 

(•). The average increment in tension is plotted as a function of strophanthi- 
din concentration (A) and the maximum response is shown with respect to ini- 
tial tension (B) for each group of muscles. Initial tension, indicated by the 
solid columns, represents the control before addition of strophanthidin. Maxi- 
mum response, indicated by the broken portion of each column, represents the 
average of the maximum increment in tension produced by strophanthidin in 
each muscle. 



other two groups and thus no change in tension 
occurred (Fig. 5C). 

///. Responsiveness to cardiac glycosides 

As shown in Fig. 6A, muscles obtained from 
hyperthyroid cats exhibited a smaller contractile 



response and those from hypothyroid cats a greater 
response than muscles from euthyroid cats. With 
the largest concentration of strophanthidin (1 /*g/ 
ml), the increments in tension averaged 1.1 ± 0,4 
g/mm 2 for the hyperthyroid muscles, a value sig- 
nificantly (P< 0.05) lower than 2.5 =t 0.3 g/mm 2 
in the euthyroid muscles, and 3.6 ± 1.0 g/mm 2 in 
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MAXIMUM RESPONSE 



iO.O 



2 5.0 




10" t0 t0" 9 I0" 8 I0" 7 tO" 6 ~ HYP0 EUTHY HYPER 

DOSE NOREPINEPHRINE (M) 
Fig. 7. The effects of exogenous norepinephrine ox iso- 
metric TENSION AT 30* C AND 12 CONTRACTIONS/MIX IN PAPIL- 
LARY MUSCLES FROM 7 HYPERTHYROID CATS (A), 8 EUTHYROID 

cats (■), and 10 hypothyroid cats (•). The average in- 
crement in tension is plotted as a function of norepinephrine 
concentration (A) and the maximum response is shown with 
respect to initial tension (B) for each group of muscles. Ini- 
tial tension, indicated by the solid columns, represents the con- 
trol before addition of norepinephrine. Maximum response, 
indicated by the broken portion of each column, represents the 
average of the maximum increment in tension produced by 
norepinephrine in each muscle. 
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Fig. 8. (A) The average force-velocity relationship for papillary muscles from 13 

HYPERTHYROID AND 12 EUTHYROID CATS WITH INTACT CARDIAC NOREPINEPHRINE STORES. 

Right ventricular norepinephrine (NE) concentration is indicated in parentheses. 

(B) The average force-velocity relationship for papillary muscles from six hyperthyroid and 
six euthyroid cats depleted of norepinephrine by reserpine. Right ventricular norepinephrine 
concentration is indicated in parentheses. 



the hypothyroid muscles. The magnitude of the 
increase in force produced by strophanthidin varied 
inversely with the control maximum isometric ten- 
sion, in such a way that the absolute levels of ten- 
sion after strophanthidin were nearly identical in 
all three groups of muscles, averaging 8.5 ± 0.5 
g/mm 2 in the hypothyroid group, 8.4 ± 0.5 g/mm 2 , 
in the euthyroid group, and 8.6 ± 0.8 g/mm 2 in 
the hyperthyroid group (Fig. 6B). 

IV. . Relationship between sympathetic neurotrans- 
mitter stores and cardiac muscle function 

A. Responsiveness to norepinephrine. Muscles 
obtained from hyperthyroid cats were not super- 
sensitive to norepinephrine when it was added to 
the bath and in fact responded far less than eu- 
thyroid muscles. Although muscles obtained from 
hypothyroid animals appeared to respond to a 
greater extent than euthyroid muscles, this differ- 
ence was not significant. At a concentration of 



10" 6 m norepinephrine, the increment in maximum 
active tension averaged 0.2 ± 0.1, 1.4 ± 0.3, and 
1.9 ± 0.3 g/mm 2 , for hyperthyroid, euthyroid, and 
hypothyroid groups, respectively (Fig. 7A). As 
was noted in the case of strophanthidin, the in- 
crement in tension was inversely related to the 
level of tension before the addition of the norepi- 
nephrine and the absolute levels of tension after 
norepinephrine were similar in all three groups of 
muscles (Fig. 7B). 

B. Right ventricular norepinephrine concentra- 
tion. Right ventricular norepinephrine concentra- 
tion averaged 1.55 ± 0.19, 2.13 ± 0.30, and 1.82 
±0.15 /ig/g in the ventricles obtained from the hy- 
perthyroid, euthyroid, and hypothyroid groups re- 
spectively ; these values did not differ significantly 
from one another. Norepinephrine stores were 
essentially eliminated in the six animals treated 
with reserpine before and during induction of the 
hyperthyroid state and averaged 0.04 ± 0.01 /*g/g. 
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C. Myocardial mechanics. The increase in the 
velocity of shortening observed in muscles from 
hyperthyroid cats with normal norepinephrine 
stores (Fig. 8A) was also seen in muscles from 
animals depleted of norepinephrine by pretreat- 
ment with reserpine (Fig. 8B) ; at a load of 0.5 
g/mm 2 , F max averaged 0.85 =t 0.06 muscle lengths/ 
sec in muscles from six animals given reserpine 
alone and was significantly greater (P<0.01), 
1.76 ± 0.27 muscle lengths/sec, in the muscles 
from reserpine-treated hyperthyroid animals. The 
latter value was essentially identical with that ob- 
served in the noncatecholamine depleted muscles 
from hyperthyroid animals, 1.67 ± 0.12 muscle 
lengths/sec. Reduction of the time to peak tension 
and augmentation of the rate of tension develop- 
ment similar to that observed in muscles from hy- 
perthyroid animals occurred in the muscles from 
cats pretreated and maintained on reserpine con- 
comitant with thyroxine. Thus, time to peak ten- 
sion averaged 245 ±17 msec in muscles obtained 
from the reserpine-thyroxine-treated group, com- 
pared to 496 ± 18 msec in muscles obtained from 
reserpine-treated euthyroid animals (F<0.01), 
while the rate of tension development averaged 
32.6 ± 2.5 g/mm 2 per sec in the reserpine-thy- 
roxine-treated group compared to 23.2 ±- 3.5 g/ 
mm 2 per sec in the reserpine-treated controls 
(P<0.05). 



V. Myocardial energy stores 

Myocardial creatine phosphate concentrations 
did not differ significantly in either ventricle among 
the hyperthyroid, euthyroid, and hypothyroid 
groups (Table II). ATP concentrations tended 
to be higher in hyperthyroid and lower in hypo- 
thyroid than in euthyroid animals ; this difference 
was significant (P<0.05) with respect to the 
right ventricle only in hyperthyroid cats and with 
respect to the left ventricle only in hypothyroid 
cats. In both ventricles, however, ATP concen- 
trations were slightly, though significantly higher 
(P < 0.05) in hyperthyroid as compared to hypo- 
thyroid animals. 

The total high energy phosphate stores, i.e. the 
sum of creatine phosphate and ATP, were virtu- 
ally identical in both ventricles in all three groups 
of cats. Inorganic phosphate concentrations were 
significantly lower in hypothyroid than in hyper- 
thyroid cats (P < 0.01) in both ventricles, while 
creatine stores were significantly lower in both 
hyperthyroid and hypothyroid cats when com- 
pared to the euthyroid group in both ventricles 
(P<0.02). 

Discussion 

The major finding of this investigation is that 
the thyroid state profoundly affects the intrinsic 



TABLE II 

Myocardial energy stores 







Right ventricle 






Left ventricle 






Hypo 


Euthy 


Hyper 


Hypo 


Euthy 


Hyper 


Cr 


12.0 ±0.6* 
(14) 


pmoles/g 
15.5 ±0.6 
(20) 


12.8 ±0.4J 
(13) 


14.2 ±0.8* 
(14) 


pmcUs/g 
17.4 ±0.5 
(19) 


13.6 ±0.5* 
(13) 


CP 


7.25 ± 0.90§ 
(8) 


7.22 ± 0.49 
(17) 


6.13 ± 0.48§ 
(8) 


7.35 ± 0.67§ 
(11) 


7.85 ± 0.68 
(12) 


6.59 ± 0.61§ 

(8) 


ATP 


4.83 ± 0.32J 
(8) 


5.13 ± 0.22 
(17) 


6.00 ± 0.41J 
(8) 


4.84 ± 0.27J 
(ID 


5.76 ± 0.31 
(12) 


5.85 ± 0.43§ 
(8) 


CP + ATP 


12.08 ± 1.09§ 
(8) 


12.35 ± 0.52 
(17) 


12.13 ± 0.31§ 
(8) 


12.19 ± 0.75§ 
(11) 


13.61 ± 0.71 
(12) 


12.44 ± 0.80§ 
(8) 


Pi 


3.76 =b 0.32§ 
(8) 


4.10 ± 0.32 
(17) 


5.78 ± 0.43J 
(8) 


3.70 ± 0.28* 
(ID 


5.32 ± 0.38 
(12) 


5.12 ± 0.36§ 
(8) 



Cr, creatine; CP, creatine phosphate; ATP, adenosine triphosphate; Pi, inorganic 
Values represent mean ± standard error of the mean with the number of animals 
in parentheses. 

* P <0.01 when compared to euthyroid. 
t P = <0.05 when compared to euthyroid. 
§P - >0.05 when compared to euthyroid. 



phosphate, 
to 



or each determination indicated 
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contractile state of cardiac muscle, primarily by 
altering the speed of shortening of the contractile 
elements, as reflected by V max in isotonic contrac- 
tions and by the rate of tension development in 
isometric contractions. This observation sug- 
gests strongly that the abnormalities in cardio- 
vascular dynamics observed in the intact organism 
with hyper- or hypothyroidism (Table I) (1-4) 
do not result merely from the changes in the load 
placed upon the heart by the induced alterations 
in the metabolism of extracardiac tissues; but 
rather, it indicates that the changes observed in 
cardiac index, mean systolic ejection rate, and 
myocardial fiber-shortening rate result, at least 
in part, from effects on the intrinsic contractile 
properties of the myocardium exerted by thyroid 
hormone or some substance elaborated by the in- 
tact organism in response to the altered thyroid 
state. Moreover, these findings suggest that the 
inotropic properties of the heart are adjusted in a 
manner appropriate to meet the simultaneously 
induced alterations in peripheral requirements. 
The increased intrinsic velocity of contraction of 
hyperthyroid muscle helps assure an elevated car- 
diac output in this condition, since it permits an 
augmented velocity of ejection at a time when 
heart rate is increased. As a consequence, stroke 
index is maintained at a normal level, or even in- 
creased, while heart rate is augmented, resulting 
in a marked elevation of cardiac index (Table I). 

That the thyroid state exerts only a minor ef- 
fect on myocardial force development follows from 
the observation that the time to peak tension and 
the rate of tension development are affected in 
opposite directions by variations of thyroid state, 
in such a manner that resultant tension is not 
greatly altered. Muscles from hyperthyroid cats 
develop tension at a more rapid rate but for a 
shorter period of time than euthyroid muscles; 
and, conversely, muscles from hypothyroid cats 
develop tension at a slower rate, but this tends to 
be compensated for by a prolonged period of con- 
traction. Thus, hyperthyroidism increases the in- 
tensity of the active state of the myocardium, as 
measured by the shift in the force-velocity curve 
and by increases in the rate of tension develop- 
ment, but simultaneously shortens the duration of 
active state, as reflected by abbreviation of the 
time to peak tension (25). These findings sug- 
gest that the thyroid . state affects the contractile 



state of cardiac muscle profoundly by varying the 
rate of interaction at contractile sites, while al- 
tering the extent of force development only to a 
minor degree. Consonant with this view is the 
finding that the constant b from the Hill equation 
(23), which reflects the rate with which energy 
leaves the muscle, also varied directly with increas- 
ing level of thyroid activity (Fig. 2). 

Although time to peak tension and the rate of 
tension development vary inversely as the thy- 
roid state is altered, these two parameters can, un- 
der other conditions, be affected separately. For 
example, we have recently observed that papillary 
muscle obtained from cats with right ventricular 
hypertrophy and failure exhibit diminished rates 
of development of tension as do muscles from 
hypothyroid animals, but exhibit no prolongation 
of the duration of the contraction. Therefore, un- 
like muscles obtained from hypothyroid animals, 
muscles from cats with heart failure exhibit strik- 
ing reductions in the absolute levels of tension de- 
velopment (26) . Similarly, when serotonin is ad- 
ministered to the isolated cat papillary muscles, the 
rate of tension development is augmented, as it 
is in muscles from cats with hyperthyroidism, but, 
unlike hyperthyroidism, the duration of contrac- 
tion is not altered by serotonin (27). Thus, for 
a given increment in the rate of tension develop- 
ment, serotonin produces a profound increase in 
tension whereas hyperthyroidism does not. 

From these findings, it is apparent that when 
tension alone is measured, large changes in the 
contractile state of the myocardium can be over- 
looked. This fact may account, at least in part, 
for conflicting data reported in earlier studies of 
this problem. Studying hypothyroid rats, Ben- 
forado and Wiggins (28) found a slight increase 
in tension produced by isolated ventricular strips, 
while Meijler (29) showed modest decreases in 
force development of LangendorfT preparations. 
On the other hand, Whitdhorn, Ullrick, and An- 
derson (30) demonstrated reductions in the maxi- 
mum force developed by ventricular strips obtained 
from hyperthyroid rats stimulated at a frequency 
of 60/min. This result can be accounted for by 
the finding of the present study, that as the fre- 
quency of contraction is increased in cardiac 
muscle from hyperthyroid animals, the rate of ten- 
sion development increases proportionately less 
than the time to peak tension is abbreviated (Fig, 



INFLUENCE OF THYROID STATE ON MYOCARDIUM 



1679 



5), and the net effect may be a variation in force 
development which does not parallel the changes 
in the contractile state of the myocardium, as re- 
flected in Pmax. 

Both temperature and frequency of contraction 
influence cardiac muscle obtained from hyper- 
thyroid, euthyroid, and hypothyroid cats in simi- 
lar manners, so that the differences observed 
among muscles obtained from the three groups of 
animals at any one temperature or frequency per- 
tain to the entire range of temperature and fre- 
quency studied. It is of interest that variations 
of both temperature and frequency of contraction 
produce changes in heart muscle which are quite 
analogous to those induced by alterations in the 
thyroid state. As a consequence, when either the 
temperature or the frequency of contraction of 
hyperthyroid muscles is reduced, they behave like 
muscles obtained from hypothyroid animals. For 
example, the time to peak tension was essentially 
identical in muscles obtained from hyperthyroid 
cats studied at 21 °C, from euthyroid cats studied 
at 26 °C, and from hypothyroid cats studied at 
28° C Similarly, the time to peak tension was ap- 
proximately the same in muscles from hyperthy- 
roid cats contracting at 6/min, from euthyroid 
cats at 24/min, and from hypothyroid cats at 48/ 
min. 

The manner in which patients with altered thy- 
roid states respond to cardiac glycosides has long 
been of interest (5, 31, 32). All workers who 
have examined the problem agree that both hypo- 
and hyperthyroid heart muscle respond to the 
glycoside (5, 33-35) ; however, analysis of the 
problem in patients and intact experimental ani- 
mals is complicated by the facts that the absorption 
and the turnover of the drug (36), as well as the 
fraction of the cardiac output which enters the 
coronary circulation (37, 38), may all be influenced 
by alterations in the thyroid state, making it diffi- 
cult to deliver a known concentration of drug to 
the myocardium. In an earlier study from this 
laboratory it was observed that the percentage in- 
crease in contractile force of the right ventricle 
of intact hyperthyroid dogs was only slightly, 
though not significantly, lower than that observed 
in euthyroid animals (33). In a similar prepara- 
tion, Rosen and Moran noted no difference be- 
tween euthyroid and hyperthyroid dogs in their 
inotropic response to moderate doses of ouabain, 



but found that larger doses caused a smaller ino- 
tropic response in hyperthyroid than in euthyroid 
animals (34). Peacock and Moran reported that 
hyperthyroidism diminished the contractile force 
developed by strips of the right ventricle of rats 
and reduced the increment in force after the ad- 
dition of ouabain to the bath (35). The findings 
of the present investigation are, in general, not in 
accord with earlier studies, since we have observed 
that hyperthyroidism tends to augment the intrin- 
sic tension development of the muscle and to re- 
duce the response at every dose of strophanthidin. 

Earlier investigators observed that hypothyroid 
dogs exhibited a normal increment of contractile 
force when ouabain was administered (34) and 
that the contractile force of right ventricular strips 
removed from hypothyroid rats, although greater 
than normal to begin with, showed reduced re- 
sponse after the addition of ouabain (35). The re- 
sults of the present study are again not in concert 
with these findings, since we have noted that in- 
trinsic contractile tension of muscles from hypo- 
thyroid cats tends to be reduced but that the in- 
crements of tension after the addition of strophan- 
thidin were enhanced at every dose level studied. 
Our findings are, however, consistent with those 
obtained in an earlier study from this laboratory 
in which intact hypothyroid dogs were shown to 
exhibit a markedly increased inotropic response to 
infused ouabain (33). 

An interesting finding of the present investiga- 
tion was that the maximum increment in tension 
produced by strophanthidin varied reciprocally 
with the initial intrinsic isometric tension develop- 
ment, the muscles with the highest intrinsic con- 
tractility (the hyperthyroid group) exhibiting the 
smallest response to strophanthidin and the muscles 
with the lowest intrinsic contractility (the hypo- 
thyroid group) exhibiting the greatest response to 
strophanthidin. The average maximum tensions 
exhibited by all three groups of muscles after 
strophanthidin were almost identical and appeared 
to be independent of the thyroid state. Since the 
same contractile ceiling was reached by all three 
groups of muscles after strophanthidin, it appears 
that the increment in tension in response to the 
glycoside depends, at least in part, upon the de- 
gree to which the initial contractile state is altered 
by the level of thyroid activity. 

It has been suspected for many years that an 
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intimate relation exists between the sympathetic 
nervous system and the action of thyroid hormone 
(6). Alterations in cardiovascular function as- 
sociated with hyperthyroidism resemble those pro- 
duced by excess sympathetic influence and can be 
ameliorated by anti-adrenergic agents. Hence, 
these alterations have been considered to be medi- 
ated by catecholamines and not directly by thyroid 
hormone itself. In 1956, Brewster, Isaacs, Os- 
good, and King observed that the increased heart 
rate, oxygen consumption, cardiac index, and ven- 
tricular stroke work in hyperthyroid dogs could 
be abolished by epidural sympathetic blockade and 
then reproduced by norepinephrine infusion (39). 
They concluded that the hemodynamic changes of 
thyrotoxicosis result not from isolated activity of 
thyroid hormone but rather from the physiologic 
effects of catecholamines, particularly /-norepi- 
nephrine, as augmented by the thyroid hormones. 
Similarly, Lee, Morimoto, Bronsky, and Wald- 
stein studied the peripheral manifestations of myx- 
edema and thyrotoxicosis in patients and concluded 
that there was a synergistic relationship between 
thyroid hormone and the catecholamines (40). It 
has also been proposed that the effects on the heart 
of treatment with thyroxine are largely dependent 
upon the capacity of thyroxine to increase the 
catecholamine content of the heart (41). On the 
other hand, Van der Schoot and Moran (42) re- 
cently reported that hyperthyroidism does not po- 
tentiate, but tends to depress, the positive inotropic 
and chronotropic responses to catecholamines both 
in vivo (dogs) and in vitro (rat atria and ven- 
tricle strips); and Margolius and Gaffney found 
that pressor and chronotropic responses to en- 
dogenously released or exogenously administered 
norepinephrine in dogs were not affected by pre- 
treatment with thyroid hormone or 181 I (43). 
Similarly, Wilson, Theilen, Hege, and Valenca 
showed that isoproterenol produced similar incre- 
ments in heart rate and cardiac index in normal 
human subjects before and after triiodothyronine- 
induced hypermetabolism (44) and Wilson, 
Theilen, and Fletcher found that propranolol, in 
doses sufficient to block the effects of isopro- 
terenol, did not alter the hemodynamic effects 
produced by triiodothyronine administration (45). 

The present investigation permitted detailed 
analysis of the interactions of the thyroid state 
and the sympathetic nervous system on heart 



muscle. We observed that neither hyper- nor 
hypothyroidism resulted in significant changes in 
concentration of norepinephrine in the ventricle. 
This finding contrasts, on the one hand with that 
of Goodkind, Fram, and Roberts who found that 
myocardial norepinephrine concentration in guinea 
pig ventricles was increased by hyperthyroidism 
and decreased by hypothyroidism (46) ; and, on 
the other hand, with that of Kurland, Hammond, 
and Freedberg, who found that norepinephrine 
concentration in rabbit ventricles was decreased 
by hyperthyroidism and increased by hypothyroid- 
ism (47). 

Of particular interest in the present study is the 
observation that the changes in the intrinsic con- 
tractile state of the myocardium induced by hyper- 
thyroidism were not dependent on cardiac nor- 
epinephrine stores. Thus, similar increases in 
velocity of shortening and rate of tension develop- 
ment were noted in muscles from hyperthyroid 
animals with depleted, as well as with intact, nor- 
epinephrine stores (Fig. 8). Further, papillary 
muscles removed from hyperthyroid cats were not 
supersensitive to added norepinephrine but were 
actually quite subsensitive, whereas muscles re- 
moved from hypothyroid cats tended to respond 
somewhat more than did muscles removed from 
euthyroid cats. Therefore, the responses to added 
norepinephrine resemble those to strophanthidin 
in that the hyperthyroid muscles, exhibiting the 
highest level of contractile activity before addition 
of the inotropic agent, demonstrated the smallest 
increments in tension, while the muscles with the 
lowest level of intrinsic activity, i.e., those obtained 
from hypothyroid animals, showed the greatest re- 
sponses. Thus, our findings indicate that thyroid 
activity modifies the intrinsic myocardial contrac- 
tile state independently of norepinephrine. Al- 
though the effects on the heart of increased sym- 
pathetic activity resemble those of increased thy- 
roid activity, the combined actions appear to be 
additive but not synergistic. 

It was pf interest to determine whether the in- 
duced alterations in contractile activity observed 
in the intact heart and the isolated papillary mus- 
cles of hyper- and hypothyroid animals were re- 
lated to alterations in myocardial high energy 
phosphate stores. Previously no information was 
available concerning energy stores in hypothyroid- 
ism, and the effects of hyperthyroidism on high 
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energy phosphate compounds were disputed. A 
number of investigators have reported marked de- 
pression of CP and ATP stores in the hearts of 
animals with hyperthyroidism (10-13). Piatnek- 
Leunissen and Olson, on the other hand, have re- 
cently reported no significant differences in CP or 
ATP between the hearts of normal and hyper- 
thyroid dogs (14). In the present study we ob- 
served that the concentrations of ATP, CP, and 
the sum of these two compounds in the euthyroid 
ventricles did not differ significantly from the 
concentrations of these substances observed in the 
hearts of either hyper- or hypothyroid cats. It 
is recognized that the concentrations of high 
energy phosphate compounds reflect the steady- 
state conditions existing in the myocardium rather 
than the turnover. However, the finding of nor- 
mal values indicates, on the one hand, that the 
depressed contractile activity characteristic of the 
hypothyroid heart does not result from inadequate 
availability of energy, and, on the other hand, 
that the increased contractile activity character- 
istic of hyperthyroidism does not deplete avail- 
able energy stores. 
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UNRECOGNIZED HYPOTHYROIDISM* 
By G. K. Wharton, M.B., M.S. (Med.), F.A.C.P. 
Department of Medicine, University of Western Ontario, London, Ont. 



J^ANY patients who could be helped by 
thyroid treatment are not recognized as 
hypothyroid. Cretinism and myxoedema are 
the textbook examples of the hypofunctioning 
thyroid gland. Very little has been written 
about the milder degrees and the atypical forms 
t of deficient thyroid activity. Hypothyroidism 
in a mild or masked form differs so greatly 
from myxoedema and cretinism that constant 
alertness for its many and varied manifesta- 
tions is demanded. This presentation is con- 
cerned with a few examples of help given by 
thyroid therapy in the treatment of common 
disorders. 

Physiology 
Iodine metabolism is closely associated with 
thyroid function. Lunde gives the following 
scheme to represent the circulation of iodine in 
nature. 



The atmosphere 
I a 



The atmosphere 

A A 



V V 

Marine plantslZ^The sea < Rocks > Soil < ~Plants 



Marine animals 




i v 
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Three chemical compounds, iodothyroglobin, 
diiodotyrosine, and thyroxin have been isolated 
from the thyroid gland. Thyroxin prepared 
from the gland is itself optically inactive, but 
dextro- and laevo-thyroxin have also been 
formed. While thyroxin satisfies in many re- 
spects the requirements of the active principle 
of thyroid gland, some of our clinical observa- 
tions suggest that the two are different; prob- 
ably desiccated thyroid is more complex than 
thyroxin and produces more bodily changes. 
The cells lining the acini of the thyroid gland 
absorb iodine from the blood, converting it into 
diiodotyrosine and protein combinations. 



*Read at the Sixty-ninth Annual Meeting of the 
Canadian Medical Association, Section of Medicine, at 
Halifax, N.S., June 23, 1938. 



Simple goitre is a response to an absolute or 
relative iodine deficiency. The degree of hyper- 
plasia is inversely related to the gland's iodine 
content. When hyperplasia ends in exhaustion 
atrophy the gland has become almost iodine- 
free. The majority of people in goitre belts 
have an enlarged thyroid, indicating an iodine 
deficiency at some time. If further demands 
are made on this depleted gland further hyper- 
plasia or an exhaustion atrophy may ensue 
unless sufficient iodine is provided. Most of 
the pathology of the thyroid is based primarily 
upon simple goitre; the result may be hypo- 
thyroidism or one of the various types of hyper- 
thyroidism. 

The chief function of the thyroid gland is to 
regulate the speed of the metabolic processes 
of the body. This is accomplished largely by 
the thyroid hormone acting as a catalyst, 
sensitizing the body cells to sympathetic stimu- 
lation. The thyroid, adrenals, and sympathetic 
nervous system act together. The sympathetic 
and parasympathetic systems are antagonistic. 
The activity of an organ, or of even the entire 
individual, depends upon which is the stronger 
system.* Thyroid activity accelerates the sym- 
pathetic system ; therefore, most of the symp- 
toms ascribed to hyperthyroidism are really an 
expression of hyperactivity of the sympathetic 
nervous system. Usually the converse is true, 
in that the parasympathetic system is pre- 
dominant in hypothyroidism. 

Oxygen consumption is increased by the 
action of thyroid extract on the sympathetics. 
The tachycardia of hyperthyroidism is caused 
by sympathetic sensitization in the cardiac 
centre in the brain as well as in muscle fibres. 
The thyroid hormone provides the skin with 
adequate amounts of water, fat, and blood, and 
as well regulates the activity of the sweat 
glands. Hypothyroidism or increased vagus 
activity results in hypersecretion and hyper- 
motility ; these in turn account for symptoms of 
spastic colon, mucus in the stool, flatulence, and 
constipation, unless these are counteracted by 
other influences. Mental activity is improved 
by thyroid extract; but, on the other hand, 
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excessive mental activity is thought to precipi- 
tate hyperthyroidism. Metabolism of proteins, 
fats, and carbohydrates, gaseous exchange, and 
water balance are all increased by the thyroid 
hormone. Thyroid extract also acts on tissues 
producing an increased rate of cell differentia- 
tion, in contrast to the pituitary which hastens 
cell multiplication. Anaemia occurs in hypo- 
thyroidism, probably because of decreased oxy- 
gen consumption and consequently a decreased 
need for red cells to carry this gas. 



1 



THYROID 




ADRENALS 



STIMULATION a 
tNtttftfTlON « 

Fig. 1 



The inter-relation of the thyroid and other 
endocrine glands is acknowledged. In one 
association they may be complementary, while 
in another they may be opposed. The pituitary 
gland produces a thyrotropic hormone which 
stimulates thyroid activity, resulting in hyper- 
plasia of the thyroid, increased metabolism, 
excretion of calcium and creatinine, and an 
increased level of the blood iodine. Collip has 
described an anti-hormone about which others 
disagree. The thyroid has a reciprocal in- 
fluence upon the adrenals and gonads which 
may be direct, or, more probably, indirect 
through the pituitary gland. • Enlargement of 
the thyroid gland occurs with increased de- 
mands made upon it during puberty, menstrua- 
tion, pregnancy, and the menopause; The ad- 
renal cortex has, however, an inhibitory effect 
upon thyroid and gonads. The thyroid supple- 
ments thymic activity. The action of insulin is 
antagonistic to thyroid hormone which may be 
due to sympathetic stimulation or to increased 
glycogenolysis. The relation of the thyroid to 
the parathyroids is antagonistic because of op- 
posite action on the sympathetic nervous 
system. Thyroid increases calcium and phos- 
phorus loss from the bones without producing 
increased amounts in the blood such as occurs 
in hyperparathyroidism. These substances are 
lost through the urine and faeces. This review 



helps us to understand some of the remote 
effects of hypothyroidism. 

Clinical Findings 

The presence or absence of certain clinical 
symptoms and signs should suggest hypo- 
thyroidism to the physician. The fact that not 
all are found in each case suggests a fractional 
loss of thyroid function. Thyroid acts prin- 
cipally through the sympathetic nervous system 
and through the other ductless glands. This 
vast area of influence accounts for the diverse 
manifestations of thyroid activity. In practice 
the author has found the most common symp- 
toms of hypothyroidism to be menstrual dis- 
turbances, fatigue, and gastro-intestinal upsets. 
The menses are usually profuse and often ir- 
regular. The blood oestrogen, tested just after 
menstruation, is usually excessive. Miscar- 
riages and sterility are suggestive findings. 
Fatigue and the emotional disturbances so fre- 
quently associated with it occur in about two- 
thirds of the cases. These patients deplete 
their energy quickly and complain of weakness. 
The commonest gastro-intestinal symptoms are 
constipation, usually of the spastic type, and 
flatulence. The appetite is usually poor. Symp- 
toms less commonly seen are migraine head- 
aches, drowsiness, or even undue alertness and 
excitability. 

The physical findings are few — dry skin, with 
a tendency to crack, eczema, acne; dry, brittle 
hair, and loss of the outer third of the eye- 
brows. In these cases underweight, is as 
common as obesity. Anaemia is infrequently 
found; reflexes with slow extension are char- 
acteristic findings but seldom elicited. 

Laboratory Procedures 
The estimation of the basal metabolic rate 
has long been used as the sole criterion for 
thyroid activity. This test is subject to in- 
trinsic as well as extrinsic errors. The calcu- 
lation of the surface area from height and 
weight alone shows an error of 15 per cent. 
Extrinsic factors are diet, race, climate, and 
emotions. It is a valuable adjunct in diagnosis 
and a useful check on a patient already under 
treatment, but it measures only oxygen con- 
sumption, which is but one part of the entire 
thyroid activity. 

Thyroid activity influences the blood chole- 
sterol so that the latter is high in hypothyroid- 
ism and low in hyperthyroidism. The normal 
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concentration ranges from 150 to 180 mg. per 
cent. Cholesterol metabolism is influenced 
greatly by other factors such as pregnancy and 
the ingestion of certain foods. The ratio of the 
ester to free cholesterol is reduced in hypo- 
thyroidism, reversing the normal ratio. This 
reduced ratio may be seen also in liver dys- 
functions. Moelig and Ainslie" believe that 
cholesterol, metabolism is controlled through 
the pituitary gland, and the study of blood 
cholesterol probably reveals pituitary activity 
and not thyroid function. The author has not 
found this to be very valuable in his study of 
thyroid conditions. 

The iodine tolerance test is analogous to the 
glucose tolerance test. Watson 20 gives 250 g. 
of iodine per kilogram of body weight in 15 
c.c. of 0.85 per cent saline solution. Estima- 
tions of the blood iodine are made before the 
test and at the end of five minutes, two hours, 
four hours, and six hours after the ingestion of 
iodine. No food is given during the test. 
Normal persons show a retention of 9 to 23 
per cent after six hours while thyrotoxic pa- 
tients show none, and in hypothyroidism the 
percentage retention is greater than normal. 
The iodine-tolerance test reveals the utilization 
and storage of iodine within the body. Labora- 
tory requirements, technical difficulties, and 
inconveniences to the patient make this test 
impractical as a routine procedure. 

Read, 14 and later other investigators, worked 
out formulae based on the pulse rate and pulse 
pressure for estimation of the basal metabolism. 
Bead's revised formula for basal metabolism 
is as follows: (% pulse rate) + (% pulse 
pressure) - 72 = B.M.R. Gale's 6 modification 
is as follows: B.M.R. = pulse rate + pulse 
pressure - 111. Even if basal precautions are 
taken in obtaining pulse rate and pulse 
pressure the results are open to 10 per cent 
error in about half of the cases. These methods 
are valuable bedside estimations but need to 
be rechecked against other tests. 

Vigoroux (1888) studied the resistance of the 
body to a direct current, and noted changes 
produced by pathological conditions of the 
thyroid gland. Brazier 1 studied 120 cases by 
means of alternating current, and called the 
resistance factor "the impedance angle". Her 
conclusions were that thyrotoxicosis and thy- 
roid feeding increase this resistance. In a 
later article with Grant 2 she showed that this 



impedance angle was influenced by thyroid and 
thyroxin alone, and was, therefore, a more 
specific test than the test for the basal meta- 
bolic rate. Robertson and Wilson, 16 and also 
Horton and his associates 8 concluded that this 
test has no clinical value. The author has had 
no experience with this method of investigation. 

The blood oestrogen normally shows a rise 
just before menstruation, and to a lesser extent 
at the mid-interval between the periods. 
Shute's 1 * test for blood oestrogen reveals ex- 
cessive amounts even after menstruation is con- 
cluded in many cases of hypothyroidism. More- 
over, oestrogen excess is found in many men 
who are hypothyroid. Indeed, the finding of 
an excessive amount of oestrogen at the end of 
menstruation, or in any man, should certainly 
suggest a thyroid investigation. Wheat-germ 
oil, thyroid, and thyroxin aid in the removal of 
oestrogen from the body. 

The best diagnostic criterion of hypothy- 
roidism is the patient's response to treatment 
with thyroid extract. Of course, the response 
or improvement may be secondary through 
some other gland. Small doses of desiccated 
thyroid gland, grain y 2 twice a day, will often 
produce the desired response, and the author 
has not found any ill effects from this dose if 
the patient is kept under observation. 

Migraine 

Various methods of investigation and treat- 
ment have been suggested for migraine head- 
ache. Vasoconstrictor and vasodilator drugs, 
various hormones, drugs which act on the sym- 
pathetics and the parasympathetics, calcium 
and ergotamine tartrate have been used with- 
out consistent results. Christiansen 4 considered 
migraine to be the result of vasomotor spasm, 
but did not explain the cause of this spasm. 
Parhon 18 discussed the following hypotheses: 
(1) obstruction to duct of Munroe, (2) com- 
pression from enlarging pituitary gland, (3) 
allergy, and (4) endocrine imbalance. He 
strongly favours the last, believing that thyroid 
deficiency is the chief causative factor which 
acts through the sympathetic nervous system. 
Kogerer 10 reports improvement in cases follow- 
ing thyroidectomy. Although unacquainted 
with the reported articles, the author saw a 
case (No. 1) which showed migraine at the 
phases of the menstrual cycle when oestrogen 
should be high. (Estrogen studies confirmed 
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the suspicion that her migraine was associated 
with high oestrogen. Thyroid was used with 
the idea of lowering the excessive oestrogen. 
The results were good. Wheat-germ oil also 
gave similar improvement although to a lesser 
degree. These findings suggest that high blood 
oestrogen may be the etiological factor. Case 
3 corroborates this. Case 2 showed low thyroid, 
but no blood oestrogen studies were made. 
Further study of migraine with frequent 
oestrogen determinations is warranted as this 
would correlate the theories that hypothyroid- 
ism, ovarian dyscrasias, and pituitary dysfunc- 
tions are causative factors in the production of 
migraine. 

Arthritis 

The etiology of arthritis is still obscure. 
Swaim and Spear 19 found that "39 per cent of 
200 cases studied had abnormal, usually de- 
creased, basal metabolic rates. Klotz 9 reviewed 
the literature for the endocrine basis of arth- 
ritis and concluded that endocrine therapy, 
i.e., thyroid, parathyroid, and ovarian, was an 
important item in the management of arthritis. 
Case 4 suggests that thyroid deficiency back- 
ground was an important factor although 
probably not the complete cause of her arth- 
ritis. Adequate treatment enabled her to con- 
trol the progress of this disease. 

Acne Vulgaris 
Bregman 3 considered hyperactivity of the 
parasympathetic nervous system with the re- 
sultant hypersecretion of the sebaceous glands 
to be the basis of acne vulgaris. This domi- 
nance of the parasympathetics is seen also in 
hypothyroidism and probably accounts for im- 
provement of acne vulgaris with thyroid treat- 
ment. Case 7 showed improvement with 
thyroid therapy. Not all cases of acne vul- 
garis are due to lack of thyroid, but thyroid 
deficiency prepares the patient for this con- 
dition. 

Hypertension 
Hypertension, hypertrophic arthritis, and 
menopause often occur together. Menopause 
is associated with an endocrine imbalance. 
Hypothyroidism often occurs at this time. It 
seems to the author more than coincidental that 
essential hypertension is so often found begin- 
ning at the menopause. Case 6 showed the 
influence of hypothyroidism on the hyperten- 



sion and the resultant improvement on thyroid 
treatment alone. Case 1 showed clinical im- 
provement of a patient with early hypertension 
treated by thyroid therapy alone. Hall 7 has 
shown arteriosclerotic change with coronary 
sclerosis developing after long periods of ad- 
ministration of acetylcholine, the active prin- 
ciple of the parasympathetics. In hypothyroid- 
ism the parasympathetics are dominant and 
this may account for the sclerotic changes 
associated with hypertension. 

Fatigue 

Fatigue is the most frequently found symp- 
tom of hypothyroidism. Early fatigability, it 
is true, occurs in cases of both hyper- and 
hypothyroidism although from opposite causes. 
Thyroid deficiency slows up cellular metabolism 
so that there is low reserve of function in 
every organ. Much mental sluggishness and 
confusion and many emotional upsets are 
primarily the result of hypothyroidism and 
secondarily associated with psychological phe- 
nomena. These symptoms, are shown in all but 
cases 1 and 4 of the appended case reports. 

Growth 

As far as our present knowledge is concerned, 
growth is controlled chiefly by the secretion of 
the acidophile cells of the pituitary gland. This 
hormone of the pituitary chiefly stimulates 
growth of skeleton and muscles, but also all 
the organs to a lesser degree. It produces an 
increase in the number of cells, while thyroid 
extract increases the rate of cell differentiation. 
Bach cell of the body has an inherent power 
to grow and reproduce itself. Thymus, in some 
way, controls growth. The sex hormone is 
antagonistic to the growth hormone, and when 
both are injected it will nullify the effect of the 
growth hormone. Cancer is probably the re- 
sult of imbalance of growth factors. Case 8 
showed a lack of both the sex and growth hor- 
mones. Thyroid extract alone accelerated 
growth and sexual activity probably by means 
of pituitary changes. 

Sexual Manifestations 
Thyroid extract acts directly as well as in- 
directly on the gonads, especially through the 
pituitary gland. As the result of hypothy- 
roidism many sexual manifestations occur, such 
as menorrhagia, impotence, sterility, repeated 
abortions, or premature labour. Case 1, 2, 3, 
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4, 6, 7 show menorrhagia as a prominent symp- 
tom. This symptom alone should suggest lack 
of thyroid , to the alert physician. Shute 18 
strongly urges more attention to this relationship 
of thyroid lack to menorrhagia. 

Case 1 

Miss S.S., aged 50, single, nurse. Hemicranial pre- 
and intra- menstrual and mid-interval headaches for two 
to three days oyer a period of 30 years. "Keyed-up M 
and nauseated with these headaches. She had had nasal 
operations and dental extractions for this condition. 
Mensea were regular and profuse. 

Examination revealed blood pressure 160/114 with- 
out demonstrable cardiac enlargement, but early arterio- 
sclerotic retinal changes, and uterine fibroids. Hemo- 
globin 77 per cent. Basal metabolic rate 2 plus. Blood 
oestrogen was increased above normal at the time of the 
headache both just before and in the mid-period, but 
was negative at other periods. 

Thyroid extract (P.D. & Co.), grain 1 daily for one 
month, gave almost complete relief of migraine, reduced 
the menstrual flow to about one-half, and the blood 
pressure became 156/86. Later she developed signs of 
hyperthyroidism and the thyroid was reduced to half a 
grain daily, but headaches returned. We gave wheat- 
germ oil (Kelly), also with great improvement although 
not complete relief of the condition. The blood pressure 
dropped from 160/114 to 152/72. 

Case 2 

Mrs. D.G.S., aged 48, married, housewife, came in 
because of dizziness, fatigue and weakness. There was a 
history of typical migraine headache associated with 
profuse menses for years. Examination was essentially 
negative. The basal metabolic rate was minus 13. 

She used thyroxin, grain 1/80, daily with complete 
relief of the headache and reduction of menstrual flow. 
Dizziness and weakness have disappeared. The patient 
discontinued thyroxin and had a return of the migraine. 
We gave thyroid extract (P.D. & Co.), grain 1, daily 
with complete relief. 

Case 3 

The chief complaints were fatigue, lassitude, and 
mental confusion for over ten years, menstrual hemi- 
cranial headaches with nausea. Menstruation was every 
three weeks at 13 years and gradually became continuous 
so that hysterectomy was done at the age of 35. Many 
"colds"; some allergic manifestations; moderate flatu- 
lence; marked constipation. 

Physical examination showed a diffusely enlarged 
thyroid gland and three abscessed teeth. The basal 
metabolic rate was minus 30. Blood oestrogen was 
excessive. 

The headaches disappeared, fatigue and mental con- 
fusion showed marked improvement on thyroid extract 
(P.D. & Co.), grains V, daily. 

Case 4 

Mrs. E.B., aged 38, married, housewife. There had 
been gradual onset of arthritis in various joints for two 
years, worse just before menstruation. She had had 
tonsillectomy and some teeth removed. Chronic constipa- 
tion; insomnia; moderate menorrhagia. 

Physical examination showed marked swelling in 
various" joints, with pain and crepitation on movement. 
A thyroid adenoma, one-half inch in diameter, was 
present. Hemoglobin 65 per cent. Skin dry and scaly; 
hair dry and brittle. The blood oestrogen was normal. 
A basal metabolic rate was not taken. 

On thyroid extract (P.D. & Co.), grains V daily, 
iron and a mild laxative for two months her general 
health improved, her skin became soft and moist, and 
the hair would retain a wave. Haemoglobin 85 per cent. 
There was a marked improvement in the amount of 



swelling in the joints and a decreased amount of pain. 
The menstrual flow was decreased... While there still is 
evidence of arthritis, no premenstrual flare-up has 
occurred. 

Case 5 

Mr. F.P., aged 35, married, tanner. He had been 
previously well. For 18 months he had complained of 
undue fatigue, irritability, poor memory, with curious 
subjective sensations. There was a loss in weight of 
22 pounds. 

Examination was essentially negative. The basal 
metabolic rate, minus 24. 

We gave thyroid (P.D. & Co.), grains IVss daily 
for six weeks without any improvement and the basal 
metabolic rate was minus 15. We changed to thyroxin 
(Squibb), grain 1/80, daily. After one month's treat- 
ment he wanted to go back to work. He has been feel- 
ing well and employed regularly at hard labour for two 
years. His basal metabolic rate remained at minus 15' 
per cent. 

Case 6 

Miss M.A., aged 28, single, unemployed. She de- 
veloped slowly as a child and was recognized as a hypo- 
thyroid problem at 12 years. She took a small dose of 
thyroid until one year ago with some results, and since 
stopping it has become more sluggish mentally and 
physically. She developed ' ' boils ' \ She came into hos- 
pital because of oedema, especially about the face, head- 
ache, dyspnoea, weakness, and general malaise. Her 
menses have been irregular and excessive in amount. 

The physical examination showed marked oedema; 
skin dry and coarse; blood pressure 185/140; reflexes 
of hypothyroid type. Urine analyses showed albumin 
with a few casts and red blood cells. Non-protein 
nitrogen and creatinine were normal but the Bowntree 
test was very low. The specific gravity volume test 
showed a fixed specific gravity, with equal amounts in 
the day and night. The urea-clearance test was 49.6 per 
cent normal; the iodine tolerance test showed 40 per 
cent in blood after six hours. The blood cholesterol was 
181 mg: per cent. The basal metabolic rate was minus 
21 per cent. 

Placed on thyroid extract (P.D. & Co.), grains IVss 
daily, she showed marked improvement. After two 
months on this treatment she was remarkably improved 
physically and mentally, but her kidney function tests 
were about the same; albumin, grade -f, but no red 
blood cells or casts. The basal metabolic rate was plus 2. 
The blood pressure was 144/98. 

Case 7 

Miss M.M., aged 19, single, had had acne for years, 
which was worse before menstruation. She had had pro* 
fuse and frequent menses for three months. She was 
always fatigued, had had insomnia for Ave years, and 
was nervous and emotional. 

Physical examination was negative except for acne 
of face and chest. Hemoglobin 75 per cent. Blood 
oestrogen excessive after end of menstruation. There 
was marked improvement in every way under the use of. 
thyroid extract (P.D. & Co.), grain 1 daily. 

. Case 8 

W.L., aged 17, single, student. He was the largest 
of triplets, with normal growth until 11 years. There 
had been no gain in height since, but he had gained about 
20 pounds. Since 14 years had been drowsy and always 
tired. The other living triplet is of normal size with 
development of pubic hair, slight beard, and sexual 
feelings. 

This lad weighed 93 pounds and was 4 feet 11*4 
inches tall. Penis and testes corresponded to size and 
not to age; no pubic or body hair. The basal metabolic 
rate was plus 7 per cent. Low sugar-tolerance curve. 
Blood oestrogen, negative. The sella turcica was normal. 
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He was given thyroid extract (P.D. & Co.), grains 
1%, daily and began to gain in strength and weight 
within a month. Within three months he showed signs 
of pubic hair, sexual feelings, eight pounds increase in 
weight, and a growth of 1 inch in height. 

Summary 

Many patients who could be helped by thy- 
roid therapy are not recognized as hypo- 
thyroid. Standard textbooks subdivide hypo- 
thyroidism into myxcedema and cretinism, and 
refer to the basal metabolic rate as the signi- 
ficant diagnostic criterion. However, there are 
other important manifestations of hypothy- 
roidism and methods of investigation based 
upon recent advances in the knowledge of the 
, physiology of this gland. Endocrine factors 
are important in migraine, arthritis, acne vul- 
garis, hypertension, fatigue, growth and sexual 
disturbances, as these cases show. 
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CHORIONEPITHELIOMA FOLLOWING ECTOPIC GESTATION* 
By W. A. Dafoe, F.R.C.S.(C.), M.C.O.G. 
Toronto 



'Y'HE possible growth of a chorionepithelioma 
as a sequel of hydatidiform mole has long 
been noted, but there has been a wide variation 
in the published statistics of the incidence of 
this complication. This variation ranges from 1 
per cent (Novak) to 44 per cent (Pallasson and 
Violet). Brews, 1 in reporting 72 cases of hyda- 
tidiform mole in the London Hospital from 1912 
to 1935, found 6 cases of chorionepithelioma 
(8.3 per cent). Sherman 2 found one case fol- 
lowing 78 hydatidiform moles (1.3 per cent). 
Schumann and Voegelin 8 reported 78 cases of 
mole with 8 followed by chorionepithelioma (10 
per cent) . These and other reports would lead 
one to believe that the incidence of chorionepi- 
thelioma following hydatidiform moles is prob- 
ably less than 10 per cent. This tumour is 
found, of course, after full-time pregnancies and 
abortions, and occasionally in a teratoma of the 



* A paper read at the Annual Meeting of the 
Canadian Gynaecological Travel Society, Toronto, October 
15, 1938. 



male sex gland. It has also been reported in a 
few cases of both sexes where a primary origin 
could not be demonstrated in the reproductive 
system. 

The variation in the histological picture of the 
cellular trophoblastic layer appears to control to 
a great extent the clinical course of a chorionepi- 
thelioma. Marchand (1905) recognized and 
reported on two types, i.e., typical and atypical. 
In 1910 Ewing 4 in his clear-cut manner, divided 
these chorionic tumours into three grades, and 
showed that there was a definite variation in 
their degree of malignancy. If E wing's classi- 
fication were carefully understood and followed 
possibly the figure for the incidence of the 
malignant variety would decrease. However, 
from various reports of histological and clinical 
studies, there still appears to be an unpredictable 
prognosis associated with this tumour. A bio- 
logical estimation of the gonadotropic hormone 
in the urine is of inestimable value as con- 
firmatory evidence in the diagnosis of chorionepi- 
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Peripheral neuropathy in hypothyroidism - an association with 
spurious polycythemia (Gaisbock's syndrome) 1 

Jane Martin MB Bch 
G H Tomkin md frcp 
Michael Hutchinson mb mrcp 
Adelaide Hospital, Dublin 8, Eire 



Summary: The neurological complications of hypothyroidism, including dementia, 
cerebellar ataxia, myopathy and entrapment neuropathy, are well recorded, but 
peripheral neuropathy has rarely been documented (Swanson et ai 1981). In this 

paper two patients are described who developed myxoedema and peripheral neuropathy. 

The first patient had a very rapid onset of myxoedema, arid during observation he developed 

spurious polycythaemia (Gaisbock's syndrome) over a period of nine days. 

Case reports 

Case 1: A 56-year-old engineer presented in July 1980 with a five-week history of severe 
diarrhoea. On examination, he was slightly wasted with moderate proximal weakness. He 
had a coarse tremor which persisted after therapy, and was probably due to anxiety. No lid 
retraction, exophthalmos or goitre was observed. Pulse rate was 90/min and blood pressure 
170/60 mgHg. T4 was raised at 312 nmol/1 (normal range 50-157), T3 was raised at 
7.4nmol/l (normal range 1.5-3.0) and 13 ! I T4 uptake was raised at 66% (normal range 
36-46%). Thyroglobulin antibodies were negative. Haemoglobin was 13.8 g/dl and 
haematocrit 0.398. Thyroid scan showed a homogeneous pattern. 

A diagnosis of thyrotoxicosis was made, and he was treated with carbimazole, initially 
with improvement of all symptoms. Three months later he again became thyrotoxic (T4 
223 nmol/1). He was treated with a 20 mCi dose of radioactive iodine, and the carbimazole 
was tailed off. He again improved, but three months after the radioactive iodine treatment 
he became very rapidly myxoedematous. T4 dropped to 19 nmol/1 and TSH rose to 47 mu/1 
(normal < 7.5 mu/1). Haemoglobin was 13.3 g/dl and haematocrit 0.398. He was started on 
L-thyroxine, but nine days later he looked ill and polycythaemic. He complained of cramps 
and paraesthesia in the hands and feet with clumsiness in fine movements and" unsteadiness 
when walking. Knee and ankle reflexes were absent, and pinprick sensation was diminished 
in a glove and stocking distribution. Nerve conduction studies (Table 1) showed 
abnormalities consistent with a sensorimotor neuropathy of axonal type. The haemoglobin 
was 19.4 g/dl and haematocrit 0.560. Red cell volume was normal at 35.3 ml/kg (normal 
range 30 ± 5 ml/kg), but plasma volume was decreased at 35.45 ml/kg (normal 40-50). Serum 
urea, electrolytes and albumin levels were normal. 

Other tests to investigate the cause of the neuropathy, including blood glucose, serum B 12 
and serum folate levels, urinary porphobilinogen, auto-antibody screen and blood 
immunoglobulins, were all normal. 

Six months after the onset of the myxoedema there had been some improvement in 
electrophysiological tests (Table 1), but 18 months after the onset of myxoedema the patient 
still has mild sensory symptoms, and he does not feel fit to return to work. Haemoglobin has 
remained at around 17 to 18 g/dl and haematocrit at 0.48 to 0.52. 

Case 2: A 62-year-old woman presented with a two-year history of slowly progressive 
numbness of the soles of her feet followed by increasing unsteadiness. For five years her 
voice had been hoarse and she had had cold intolerance. Recently her skin had become dry. 
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Table 7. Nerve conduction studies 



Case 1 






Case 2 






At 

presentation 


6 months 
later 


Normal 


At 
At 

presentation 


18 months 
later 


Normal 


Right sural sensory action potential : 
Amplitude (pV) 8 
Latency (msec) 5.6 


10 

5.8 


>6.1 
'4.7 




4 

7 


>4.2 
-4.9 


Right median sensory action potential: 
Amplitude (uV) 
Latency (msec) 






5 

5.1 


10 

4.7 


9-45 
2.5-4.0 


Right lateral popliteal nerve : 
Distal motor latency (msec) 4.7 
Motor conduction velocity (m/sec) 3 1 
Muscle action potential (ankle) (mV) 0.8 


5 
42 
5 


-7.0 
36-64 
>3.0 


5.8 
44 
1.9 


5.4 
44 
4 


-7.0 
36-64 
>3.0 



On examination, she appeared myxoedematous. She had weakness and impaired light touch 
and pinprick sensation in both feet. The gait was mildly ataxic. The thyroid gland was firm 
and slightly enlarged. The T4 was very low (2 nmol/1), as was the free thyroxine index (2.0; 
normal 8-28 pmol/1). The TSH was raised (>50mu/l). Serum B 12 and folate were normal. 
Nerve conduction studies (Table 1) showed abnormalities consistent with an axonal 
neuropathy. 

The patient was treated with L-thyroxine. Five months later the serum thyroxine level 
(107 nmol/1) and free thyroxine (26.2 pmol/1) were normal, and the TSH level had dropped 
to 3.0mu/l. The neuropathy had subjectively improved, but some distal sensory 
abnormalities were still present. 

Nerve conduction studies 18 months after treatment (Table 1) demonstrated return to 
normal of the motor components, but the sensory action potential latencies in both the right 
median and right sural nerves were still increased. 

Discussion 

These two patients presented with a mild peripheral neuropathy predominantly sensory in 
type in association with hypothyroidism. No other cause for the neuropathy was found, and 
when the hypothyroidism was treated, the neurological signs improved. However, this 
improvement was not complete; both patients still have residual disability 18 and 36 months 
respectively after treatment was commenced. 

Approximately 80% of patients with hypothyroidism complain of hand paraesthesia, 
usually due to median nerve compression in the carpal tunnel. Symmetrical sensorimotor 
neuropathy has been described only very rarely. Nickel et ah (1961) studied 25 patients with 
primary myxoedema: 60% had diminished peripheral sensation and 28% had objective 
muscle weakness. Deep tendon reflexes were absent in only one patient who was in coma. 
Histology of the peripheral nerves demonstrated an oedematous infiltration of the endo- and 
perineurium. In three cases there were degenerative changes of the myelin sheaths and axis 
cylinders. 

The nerve conduction abnormalities in the present study, which showed absence or 
reduction of sensory action potentials, markedly reduced muscle action potentials and 
mildly prolonged latencies with mild slowing of nerve conduction velocities, are more in 
keeping with an axonal neuropathy than with segmental demyelination. Dyck & Lambert 
(1970), in an electron microscopic study of the sural nerve biopsies of two cases of 
hypothyroid neuropathy, demonstrated both segmental demyelination with remyelination 
and axis cylinder degeneration. These authors suggested that the histological findings may 
have resulted from either disordered Schwann cell metabolism or a disease of axis cylinders 
with secondary demyelination or remyelination. Shirabe et ah (1975) described a patient 
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with peripheral neuropathy who was also found to have widespread segmental 
demyelination. 

Peripheral neuropathy is a rare complication of polycythaemia rubra vera, but secondary 
polycythaemia is not associated with changes in nerve conduction (Saha et al. 1980). We 
have been unable to find any reported association between myxoedema and spurious 
polycythaemia (an increased packed cell volume with a normal red cell mass), although there 
is a report of erythrocytosis (defined as a condition characterized by idiopathic proliferation 
of the red cell line alone) associated with a thyroid papillary carcinoma (Dallera & 
Gamoletti 1980). Remission in this case followed the removal of the tumour. 

Our first patient is very unusual in developing polycythaemia whilst under observation. 
Only one other patient has been observed to develop the condition, and this was over a five- 
month period (Ramsay 1978). The rapid onset of the clinical features of polycythaemia with 
the sudden rise in haemoglobin and haematocrit over nine days was striking and remains 
unexplained, but may have been due to sudden decrease in plasma volume. The blood 
pressure is often found to be raised in these patients, but our patient did not have 
hypertension. The outlook for patients with this condition is not clear. Stefanini et al. (1978) 
suggested that there is a high incidence of coronary disease, cerebrovascular accidents and 
thromboembolic complications. Our patient so far has avoided any of these complications. 
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Lesson of the Week 



Hypothyroidism presenting with hyperprolactinaemia 

CGSEMPLE, GHBEASTALL, G TEASDALE, J A THOMSON 



Now that there is a specific radioimmunoassay for detecting 
prolactin' hyperprolactinaemia is recognised more frequently in 
women in whom it usually presents as subfertility, amenorrhoea, 
or galactorrhoea. It occurs less often in men with impotence and 
subfertility. Although hyperprolactinaemia is often due to a 
pituitary tumour that secretes prolactin it also occurs because of 
conditions such as phenothiazine or other drug therapy, 
polycystic ovarian disease, and disruption of the hypothalamic- 
pituitary dopaminergic pathways by inflammatory or neoplastic 
infiltrates. Thyrotrophin releasing hormone raises the serum 
prolactin concentration by stimulating pituitary lactotrophs,* 
and hypothyroidism is yet another cause of hyperprolactinaemia. 3 
The degree of hyperprolactinaemia seems to be proportional to 
the severity of hypothyroidism, so that mildly hypothyroid 
subjects often have a normal serum prolactin concentration. 4 

We report on six patients with hyperprolactinaemia and asso- 
ciated syndromes, who were initially suspected of having a tumour 
that secreted prolactin but the results of endocrinological tests 
showed that they had hyperprolactinaemia induced by hypo- 
thyroidism. 



Case reports 

Case 1 — A 33 year old woman had had secondary amenorrhoea 
for 18 months. Her serum prolactin concentration had been 
raised at 420 mU/1 and 590 mU/1 (normal range 60-360 rnU/1). 
On examination she was clinically euthyroid but because 
both her father and sister had hypothyroidism this diagnosis was 
considered and confirmed by thyroid function testing (table). She 
was given thyroxine treatment, and her serum prolactin concen- 
tration fell to normal soon after. She started to menstruate 



Results of biochemical tests in the six patients with hypothyroidism 
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0-7 


>50 


1900 


3 


Undetectable 


0*9 


>50 


1300 


4 


69 
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Hypothyroidism may mimic syndromes that 
are attributed to prolactin secreting pituitary 
tumours 



regularly and conceived six months after starting thyroxine 
treatment. 

Case 2 — A 25 year old woman was referred as a "classic" case 
of the galactorrhoea-amenorrhoea syndrome. She had lactated 
for two years after her last pregnancy, she menstruated infre- 
quently, and her serum prolactin concentration had varied 
from 800 to 1900 mU/1. Clinical examination and the results 
of biochemical tests showed that she was hypothyroid, and she 
was treated with thyroxine. She began to menstruate regularly 
and the galactorrhoea disappeared. Her serum prolactin 
concentration was moderately raised (400-700 mU/1) for two 
years despite high normal concentrations of thyroxine and 
suppressed serum thyroid stimulating hormone concentrations, 
but after three years it was normal. 

Case 3 — A 24 year old woman had been referred to a neuro- 
surgeon because of hyperprolactinaemia (580-1300 mU/1), 
oligomenorrhoea, and primary infertility. A clinical examination 
and the results of biochemical tests showed that she was hypo- 
thyroid. She was given thyroxine and her menses rapidly became 
regular. Despite being clinically euthyroid and having high 
normal serum thyroxine concentrations with suppressed serum 
thyroid stimulating hormone concentrations her serum prolactin 
concentration was raised (400-600 mU/1) for one year after 
treatment, but six months later it was normal though her 
infertility persisted. 

Case 4 — A 33 year old woman received thyroxine 0-1 mg/day 
for hypothyroidism. Because she had a two year history of 
amenorrhoea, galactorrhoea, and hyperprolactinaemia (900-1360 
mU/1) she had been referred to a neurosurgeon. The results of 
endocrine assessment showed clinical and biochemical under- 
replacement with thyroxine. Pituitary tomography, cavernous 
sinogram, and computed tomography of her pituitary fossa 
suggested that she had an intrasellar pituitary tumour. The 
thyroxine dosage was increased, and she became euthyroid. 
A regular menstrual cycle rapidly returned and galactorrhoea 
disappeared. Over six months her serum prolactin concentration 
fell to normal, and repeat computed tomography was normal. 
Eighteen months after referral she conceived and delivered a 
healthy child after a normal pregnancy. 

Case 5 — A 40 year old woman who gave an eight year history 
of galactorrhoea was referred to a neurosurgeon because of 
hyperprolactinaemia (800-1270 mU/1) and he referred her for 
endocrine evaluation. She had had a partial thyroidectomy 13 
years before for dyshormonogenetic goitre and had been 
prescribed replacement treatment. Nevertheless, clinical exam- 
ination and biochemical test results showed that she was 
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hypothyroid, and she had not taken her treatment. Thus, 
galactorrhoea and hyperprolactinaemia continued. 

Case 6 — A 53 year old man, who was known to have congenita] 
hypothyroidism, had his eyesight checked and was found to 
have bilateral optic atrophy. The results of a detailed ophthal mo- 
logical assessment confirmed this, showing bitemporal hemi- 
anopia. Computed tomography showed a large pituitary tumour 
with suprasellar extension (figure a). His serum prolactin 




Computed tomography of the pituitary in the patient in case 6, showing 
(a) an enhanced lesion filling the suprasellar cistern; (6) disappearance of 
the lesion with reduced density in the pituitary fossa, suggesting intrasellar 
cisternal herniation. 



concentration was raised (3800 mU/l); he had not taken replace- 
ment treatment for many years. He was of short stature and had 
dry skin but otherwise seemed clinically euthyroid. Nevertheless, 
the results of laboratory findings showed hypothyroidism. He 
was treated with gradually increasing doses of thyroxine, and 
prolactin concentrations returned to normal. His visual fields 
improved though optic atrophy persisted. A repeated computed 
tomographic scan showed that the suprasellar extension had 
resolved (figure b). 



Comment 

Although it is well known that menorrhagia is a common 
feature of hypothyroidism in women during the reproductive 
years it is less well recognised that hypothyroidism may lead to 
amenorrhoea or oligomenorrhoea sometimes associated with 
hyperprolactinaemia. This is clearly shown in the patients in 



cases 1 to 4. Our findings do not support the view of Bigo et al* 
that only severe hypothyroidism raises the serum prolactin 
concentration. The patient in case 1 had hyperprolactinaemia 
despite being clinically euthyroid, and the patient in case 4 had 
a raised serum prolactin concentration despite normal concen- 
trations of thyroxine and triiodothyronine. 

Now that prolactin secreting pituitary tumours are diagnosed 
more often and can be successfully managed either by micro- 
surgery or by dopamine agonist treatment there is a danger 
that failure to recognise hypothyroidism will lead to inappropriate 
treatment. Hypothyroidism is likely to be overlooked when the 
radiological appearances (cases 4 and 6) or a visual field defect 
(case 6) indicate that the patient has an expanding tumour in 
the region of the sella. Pituitary enlargement in hypothyroidism 
is probably due to hypertrophy or hyperplasia of the thyro- 
trophs, 4 5 or both. It is important to recognise these "feedback 
tumours" because they are readily reversed* (case 6). Neuro- 
surgery has appreciable risks when performed on a hypothyroid 
patient. 

Despite the rapid correction of thyroid deficiency, the prolactin 
status of three of our patients (cases 2 to 4) returned only slowly 
to normal. This suggests either that the pituitary lactotrophs 
have become unusually sensitive to thyrotrophin releasing 
hormone or that they have developed a resistance to the usual 
modulating influences and continue to hypersecrete prolactin 
for some time after correction of the hypothalamic-pituitary- 
thyroid axis. 

It is essential that thyroid function tests are performed on 
every patient with hyperprolactinaemia. 

Correspondence should be addressed to: Dr C 6 Semple, University 
Department of Medicine, Royal Infirmary, Glasgow G4 OSF. 
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What is the nature of "gippy tummy" and is it avoidable ? 

Diarrhoea, sometimes with associated constitutional disturbance, may 
afflict any traveller, but it is commoner in countries with generally 
lower standards of hygiene where it is known by a variety of affectionate 
and colourful cognomens apart from gippy tummy — Aden gut, 
Aztec two step, Basra belly, Delhi belly, Hong Kong dog, Montezuma's 
revenge, Tokyo trots, turista, etc. In medical publications it is called 
traveller's diarrhoea and is due to an enteric infection with one of a 
variety of organisms. Standard enteric pathogens (salmonellae, 
shigellae, Campylobacter, giardia lamblia, or viruses) are sometimes 
responsible, but in most victims enterotoxigenic Escherichia coli is 
the cause. Some individuals seem more prone to the condition than 
others, for unknown reasons. Common sense measures to avoid 
infection seem wise — avoidance of salads, impeded fruit, and ice 
cream and care about sources of water — though no firm evidence 



exists to show their value. The liberal use of alcohol to stimulate 
gastric acid secretion has many enthusiastic proponents but no 
controlled trial to support it. The use of clioquinol (enterovioform) 
affords no protection. Antibiotic prophylaxis, however, does diminish 
the risk. Streptotriad (one tablet twice daily for one week and one 
tablet daily thereafter) 1 and doxycycline 100 mg daily* both protect 
travellers against diarrhoea for as long as the drug is taken. Antibiotics 
are only justified when the likelihood of infection is sufficiently high 
(Mexico or Asia, for example) or if the inconvenience of an attack 
would be great — for instance, for a competitor in an international 
athletic competition. — JOHN R bennett, consultant physician, 
Kingston upon Hull. 
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Morphometric study on the uterine horn and thyroid gland in 
hypothyroid, and thyroxine treated hypothyroid rats 
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ABSTRACT 

A wide range of reproductive disorders such as irregular menstruation and frank infertility is found in 
women with hypothyroidism. Most research done on these patients has focused on steroid and gonadotropin 
hormone profiles, whilst there has been little work on uterine morphology. Studies on hypothyroid animals 
have also demonstrated increases in fetal wastage, but there have been few studies of uterine structure in the 
hypothyroid rat. The present study has used hypothyroid Wistar rats as a model for investigating the effects 
of hypothyroidism on uterine structure. Three groups of Wistar rats were studied. One was made 
hypothyroid with methimazole (MMI), the 2nd was also made hypothyroid with methimazole but in 
addition the rats were simultaneously given daily thyroxine intraperitoneal^ (MMI+T4), and the 3rd was 
an untreated euthyroid group (control). Daily vaginal smears were obtained from rats in all 3 groups. All 
rats were aged 6 wk at the start of treatment and were killed after a further 6 wk. Uterine horns were 
removed and studied. Systematic random transverse sections were obtained from the proximal, middle, and 
distal regions of the horn and subjected to morphometric analysis. Difference between regions was assessed 
using 2-way analysis of variance. Absolute volume of endometrium in the uteri of hypothyroid rats was 
reduced by 45.1 % (P < 0.05), whilst that of the muscle layer was decreased by 33.6% (P < 0.05). The cross- 
sectional area and absolute volume of the uterine horns were also reduced in hypothyroid animals 
(P < 0.05). In hypothyroid rats given thyroxine (MMI+T4) all variables increased significantly above those 
of hypothyroid rats. These changes suggest that hypothyroidism has an effect on uterine structure, which 
demonstrably improves under exogenous thyroxine administration. The observed structural changes might 
well play a significant role in the reproductive difficulties observed during hypothyroidism. 



Key words: Infertility; endometrium. 



INTRODUCTION 

Hypothyroidism is a well documented cause of 
subfertility and debilitating menstrual disturbance in 
women (Hemady et al. 1978). Hypothyroid women 
seldom conceive and bear children (Kennedy & 
Montgomery, 1978; Boyland & Drury, 1979; 
Montoro et al. 1981). Indeed, pregnancy in hypo- 
thyroidism is so rare that it is considered a great 
achievement for a hypothyroid female to conceive 
(Balen & Kurtz, 1990). Clinical experience has shown 
that a wide range of menstrual disturbance is 
associated with hypothyroidism, ranging from total 
amenorrhoea to menorrhagia (Ramsay, 1986). 

Even if a hypothyroid woman does conceive, the 
pregnancy itself is often very difficult to maintain 



successfully to term without complication. This is 
evidenced by a high incidence of spontaneous re- 
current abortion, and of still births amongst hypo- 
thyroid pregnant women (Burrows, 1972; Ritchie, 
1986). Experiments have indicated that hypothyroid 
animals also have difficulty in maintaining pregnancy. 
Studies in rats artificially made hypothyroid with 
propyl thiouracil have revealed increases in fetal 
resorption and a raised mortality at birth, as com- 
pared with control animals (Krohn & White, 1950). 
All these findings suggest a role for thyroid hormones 
in conception and maintenance of pregnancy. It is still 
not clear at which level of the hypothalamic- 
pituitary-ovarian-uterine axis altered thyroid func- 
tion is most strongly expressed. Most research in man 
has been directed at the effects of hypothyroidism on 
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the serum levels of gonadotropin and steroid 
hormones (Distiller et al. 1975; Heyburn et al. 1986; 
Fish & Mariash, 1988). There have been considerably 
fewer studies on uterine structure in this condition 
(Imamura, 1982). 

The present study was carried out with the aim of 
establishing, by morphometric methods, whether (1) 
there is any distinction between the structure of the rat 
uterine horn in various regions, and, (2) if there are 
effects of hypothyroidism on uterine horn structure. 



MATERIALS AND METHODS 

Animal model 

Eighteen 6-wk-old virgin female Wistar rats were 
used. They weighed between 150 and 200 g at the date 
of use. The animals were subjected to a constant cycle 
of 12 h light and 12 h darkness, and the temperature 
was maintained at 19-21 °C, with a relative humidity 
of 45 %-55 %. The rats were fed normal rat diet (Argo 
Foods, Penistone). Food and water were given ad 
libitum. At the end of 1 wk, the rats were divided 
randomly into 3 groups of 6 (A, B, C). 

Group A (MMI) rats were made hypothyroid by 
replacing their drinking water with a solution of 
0.02% w/v methimazole (Sigma UK), an antithyroid 
agent (Kirby et al. 1992; Meisami et al. 1992; Hardy 
et al. 1993). According to Silver & Leonard (1985), 
this is the minimum concentration at which thyroid 
activity is completely suppressed. 

Group B (MMI +T4) rats were also given the same 
solution of 0.02% w/v methimazole in drinking 
water, but in addition were given a daily intra- 
peritoneal injection of 5 jag thyroxine (Sigma) in 
0.9% NaCl and 0.01 m NaOH. 

Group C (control) rats were euthyroid animals 
maintained on tap water. Vaginal smears were taken 
daily from rats in all groups to determine the stage of 



oestrus cycle, whilst all rats were weighed once weekly. 
The start of the experiment (day 0) was when all rats 
in the 3 groups were in the oestrus stage. At the end 
of 6 wk (42 d), the control rats were in metoestrus 
stage. They were therefore killed 3 d later (i.e. at the 
oestrus stage). Treatment was started in the other 2 
groups when the rats were also in oestrus. At the end 
of 6 wk (42 d) of treatment, hypothyroid rats were in 
dioestrus stage whilst thyroxine treated hypothyroid 
rats were in metoestrus stage. At this point, treatment 
was stopped, and hypothyroid and thyroxine treated 
hypothyroid rats were killed 3 d later when both 
groups were at oestrus. The oestrus cycle itself was 
irregular in hypothyroid rats. The rats in each group 
were weighed every week up to wk 6, and then on the 
day they were killed. A graph of the percentage of 
days spent at each stage of the cycle by all the rats in 
individual groups was drawn (see Fig. 4). At every 
weight measurement, the mean for each group was 
calculated (see Fig. 3). The length of the uterine horns 
of each was measured in situ before being removed, 
whilst the animals were alive. The 2 lobes of the 
thyroid gland were also removed and weighed wet to 
the nearest milligram, using an electronic balance 
(Sauter GmbH D-7470). 

Tissue processing and sampling 

The whole uterus was fixed in cold 4% phosphate 
buffered formaldehyde (pH 7.2, 380 mOsmol) for 24 h 
at 4 °C. From each rat one uterine horn was randomly 
selected. Randomness of selection was ensured as we 
had no idea from which side the horn came after 
fixation. In any case, in an earlier pilot study using a 
2-way ANOVA, we had observed that there was no 
significant difference in the mean volume density of 
compartments in the different regions of the same 
uterine horn, or indeed between horns in the same 
animal (see Table 1). 



Table 1. Two-way ANO VA ofVv measurement of uterine horn luminal epithelium between regions of the same horn in euthyroid 
rats 



Variation between regions Variation within region 



Rat 


SS 


DF 


MS 


SS 


DF 


MS 


F 


P 


1 


2 x 10" 5 


2 


1.3 xlO" 5 


2.7 x 10" 4 


27 


1 x 1(T 6 


0.9 


0.3 


2 


2 x 10" 5 


2 


1.1 x 10"* 


5 x 10" 4 


27 


2 xlO" 5 


0.5 


0.6 


3 


4x10-* 


2 


2.3x10"* 


8 x 10' 4 


27 


3 xlO" 5 


0.8 


0.4 


4 


4.6 x 10" 5 


2 


2.3 xlO" 6 


2.7 x 10" 4 


27 


1 x 10~ 5 


2.3 


0.1 


5 


2.6 xlO" 5 


2 


1.3 xlO" 9 


2.7 x IO" 4 


27 


IxlO" 8 


1.3 


0.2 


6 


2.6 xlO- 5 


2 


1.3 xlO" 6 


5 x 10" 4 


27 


2x10'* 


0.7 


0.5 



SS, sum of squares; DF, degree of freedom; MS, mean squares; F- MS between regions/MS within region. 
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Each uterine horn was then divided into 3 equal 
regions by length; proximal, middle and distal. Each 
region was in turn cut transversely into 2 mm lengths, 
and after a brief wash in phosphate buffer (pH 7.2), 
the pieces were dehydrated through ascending concen- 
trations of ethanol, and finally embedded in JB4 resin 
(Polysciences Inc.). Two blocks per region were 
selected randomly (by lottery) so that a total of 6 
blocks was selected per rat. Ten nonconsecutive 2 \im 
random transverse sections were obtained from each 
block on an LKB Historange 2218 microtome using 
Ralph glass knife (Fig. 1). Randomness of location of 
sections was achieved by letting the block face be at an 
unknown distance from the knife edge; the block was 
then advanced until the first section was cut. There- 
after, sample sections were selected after every 50th 
section. The sections were collected with forceps and 
flattened by transferring them onto a water bath 
surface at room temperature. Sections were then 
collected on precleaned glass slides and air-dried 
before being stained with acid fuchsin and toluidine 
blue. 

The thyroid gland was processed in similar manner 
to the uterine horn. Serial sections of 2 \im thickness 
were cut through the whole gland and 1 section was 
selected after every 100 sections. The 1st section was 
obtained by letting the block face be at an unknown 
distance from the knife edge, the block then being 
advanced until the 1st section was cut. Thicknesses of 
sections were accurately measured (mean thickness, 
1.81+0.07 \im) with a Vickers M86 scanning micro- 
interferometer (Williams, 1977). 



Morphometry 

The absolute volume of the thyroid gland was 
estimated using the Cavalieri principle (Gundersen & 
Jensen, 1987). Each of the selected sections of the 
gland was projected at x 13 magnification onto a 
sheet of white paper bearing a square lattice (square 
side 10 mm, equivalent to a test point area value on 
the sections of 0.5917 mm 2 ). Tracings of the outlines 
of the gland were made with a pencil. The area of each 
section was estimated and summed over all the sample 
sections. This area was used to estimate the absolute 
volume of the gland. 

The sample sections of uterine horn and thyroid 
gland were viewed at a final magnification of x 100 
under a light microscope fitted with an eyepiece 
reticule (Graticules Ltd). The reticule had an array of 
test points (areal value of one point = 2.5 10" 3 mm 2 ). 
A raster of systematic random fields of view was 



obtained by advancing the slide horizontally at equal 
intervals, beginning from an external point at which 
the tissue was not in view. Thereafter, the section was 
moved at equal intervals whilst counting the points 
hitting the various components of the tissue, until the 
opposite edge of the section was passed. The slide was 
moved vertically to a new alignment and the process 
of field placement and counting horizontally resumed 
moving in the opposite direction. This procedure was 
carried out until the whole section had been covered. 
The cumulative mean volume density estimates were 
plotted against the number of slides, so as to determine 
the minimum number of sections that would give a 
stable estimate of volume density (Williams, 1977). 

Using computer software for linear measurements, 
the height of epithelium of thyroid follicles were 
measured. On the sample sections from the thyroid 
gland, the height of one epithelial profile was 
measured in a total of 100 follicles. Using the same 
software, the thickness of the endometrium from the 
luminal surface to the stroma-muscle border on the 
lateral sides of the horn was measured. 

Using a projecting microscope, the luminal per- 
imeter, and section profile area of uterine horn were 
estimated. This was carried out by projecting the 
sections at a final magnification of x 13 onto a sheet 
of white paper bearing a square lattice (square side 
10 mm, equivalent to a test point area value of 
0.5917 mm 2 ). Tracings of the outlines of the lumen 
and of the external surface of the horn were made with 
a pencil. The intersections made by the luminal 
tracing with the test fines were used to estimate the 
luminal perimeter (Smith & Guttman, 1953), whilst 
the numbers of points overlying the horn tracing were 
used to estimate section profile area. An earlier pilot 
experiment had confirmed that there was insignificant 
difference in the mean transverse profile area between 
the 3 regions of the horn. Thus the absolute volume of 
each horn of the rat was estimated from the mean 
profile areas of sections together with the wet length 
of horn. 



Statistical analysis 

For each data set the arithmetic means, and 
coefficients of variation (c.v. = standard deviation as 
a percentage of corresponding mean) were computed. 
Comparison of parameters between horn sites (prox- 
imal, middle, and distal), and within animal groups, 
were drawn using a 2-way ANOVA (Table 1). 
Differences in parameters between animal groups 
were analysed using the nonparametric Mann- 
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embedded in JB4 resin 
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from each region 



Ten non-consecutive 
sections obtained 
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Fig. 1. Tissue sampling for morphometric study. Each uterine horn was divided into 3 equal regions, and each region further cut transversely 
into smaller pieces that were embedded in JB4 resin. Two blocks were randomly selected by lottery from each region making a total of 6 
blocks per rat, and 10 nonconsecutive sections were obtained from each block. 



Whitney U test. In each case, the null hypothesis was 
rejected if the probability of no difference was found 
to be less than 5% (i.e. P<0.05). All statistical 



computations were made using the statistical package 
Instat, version 1.15 (Graphpad Softwares, 1990) on a 
personal computer. 
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Table 2. Mean (CV%) relative and absolute volumes of different compartments of the thyroid gland in euthyroid (control), 
hypothyroid (MMI), and hypothyroid rats given thyroxine (MMI+T4)1i 



Volume density Vv Absolute volume (mm 3 ) 



Compartment 


Control 


MMI 


MMI+T4 


Control 


MMI 


MMI+T4 


Thyroid gland 








34.72* 


81.59 


56.88** 










(8) 


(5) 


(8) 


Epithelium 


0.41* 


0.56 


0.49** 


14.23* 


45.69 


27.87** 




(12) 


(9) 


(10) 


(10) 


(7) 


(12) 


Stroma 


0.36 


0.39 


0.38 


12.5* 


31.82 


21.61** 




(20) 


(5) 


(H) 


(10) 


(5) 


(13) 


Colloid 


0.23* 


0.06 


0.13** 


7.98* 


4.89 


7.39** 




(10) 


(10) 


(21) 


(12) 


(8) 


(13) 



t Results given are group means (CV%) for 6 rats. Activity index is the ratio of volume density (Vv) of follicular epithelium to that of the 
lumen (colloid) of the gland. Mitotic index is the number of mitotic figures per 1000 sectioned nuclei. Control, euthyroid; MMI, hypothyroid; 
MMI+T4, hypothyroid rats given thyroxine; *P < 0.05, euthyroid vs hypothyroid; ** P < 0.05 hypothyroid vs hypothyroid rats given 
thyroxine. 



RESULTS 

Thyroid gland 

The results of the morphological assessment of the 
thyroid gland are illustrated in Tables 2 and 3. 

Both weight and absolute volume of the thyroid 
gland were increased in hypothyroid (MMI) rats. 
Gland weight and volume in hypothyroid rats given 
thyroxine (MMI + T4) were also increased, but were 
significantly lower as compared with the hypothyroid 
(MMI) rats. In hypothyroid rats the volume density 
and absolute volume of thyroid follicular epithelium 
was increased significantly as compared with those of 
euthyroid (control), or of hypothyroid rats given 
thyroxine (MMI+T4), whilst those of the lumen 
(colloid) were decreased significantly. The volume 
density of the stroma remained unchanged in all 
groups, although its absolute volume had increased in 
hypothyroid rats as a result of the overall increase in 
the gland volume. 

Thyroid follicular epithelial height (from basement 
membrane to surface) increased significantly in hypo- 
thyroid rats. The epithelial height in hypothyroid rats 
given thyroxine (MMI + T4) was not significantly 
increased when compared with euthyroid rats. Nu- 
merous mitotic figures were seen in the thyroid gland 
of hypothyroid rats, there being significantly fewer 
mitotic figures in the euthyroid rats. The ratio of the 
volume density of follicular epithelium to that of the 
colloid (Activity Index) was greatly increased in 
hypothyroid animals. A similar ratio was obtained 
when absolute volumes (instead of volume density) of 
the 2 compartments were used (see Tables 2 and 3). 

Panels A and B of Figure 2 show the structure of 
thyroid gland in euthyroid (control) and hypothyroid 



Table 3. Morphometric indicators of thyroid function in 
euthyroid (control), hypothyroid (MMI), and hypothyroid 
rats given thyroxine (MM1+ T4)\ 



Variable 


Control 


MMI 


MMI+T4 


Gland weight (mg) 


30.8* 


82.5 


59.75** 




(7) 


(9) 


(12) 


Height of follicular epithelium 


4.28* 


12.52 


5.12** 


(urn) 


(42) 


(38) 


(52) 


Activity index, AI (see text) 


1.47* 


11.47 


3.29** 




(10) 


(10-7) 


(182) 


Mitotic index 


0.95* 


16.8 


1.65** 




(47) 


(14-1) 


(36.3) 


Specific gravity of gland 


0.901* 


1.03 


1.05 




(10) 


(5.5) 


(10.9) 



t For explanation of abbreviations and symbols, see footnote to 
Table 2. 



(MMI) animals. Thyroid glands in euthyroid rats 
have follicles of various sizes, whose walls are made 
up of cuboidal or squamous follicular cells, depending 
on the state of activity of the follicle, which surround 
the colloid present in the lumena. Numerous blood 
vessels were present in the stroma, as is typical of any 
endocrine gland. 

In hypothyroid rats the follicular nature of the 
thyroid gland was disrupted. The cuboidal follicular 
cells had become columnar, obliterating the lumina of 
the thyroid follicles, and the lumen (colloid) had 
almost totally disappeared. There were mitotic figures 
amongst follicular cells, a feature not commonly seen 
in the gland of euthyroid animals (see Fig. 2a, ft). 

Changes in weights of rats and the oestrus cycle 

Mean changes in weight during treatment amongst 
the 3 groups of rats are illustrated in Figure 3. 
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Fig. 2. (A) Normal rat thyroid gland composed of follicles of various sizes surrounded by cuboidal follicular cells (arrowhead). The lumina 
of the follicles contain colloid (c) rich in thyroglobulin. Blood vessels (V) were numerous. Bar, 20 um. (B) Thyroid gland from methimazole 
treated rat. The follicular architecture of the gland is much disrupted. There is an almost total absence of colloid in the lumina of the follicles. 
Follicular cells (arrowhead) became columnar, and mitotic figures (arrow) were common amongst them. Bar, 20 um. (C) Middle region of 
uterine horn (euthyroid). The horn consists of a columnar surface epithelium, a stroma (s) containing tubular glands, and circular and 
longitudinal muscle layers (m). The surface epithelium is thrown into folds, thereby increasing the luminal perimeter. Bar, 20 um. (£>) High 
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power view of the uterine horn in (C) showing columnar surface epithelium (short arrow). Mitotic figures (long arrow) are also commonly 
seen amongst the epithelia. g, gland. Bar, 20 urn. (E) Middle region of uterine horn in hypothyroid rat given thyroxine (MMI + T4). Note 
also the folded nature of surface epithelium here as in (C). Bar, 200 um. (F) Middle region of uterine horn in hypothyroid rat. Note the 
flattened surface epithelium, s, stroma; m, muscle layer. Bar, 200 um. (G) High power view of the uterine horn in (E) showing columnar 
surface epithelial cells (short arrow). Bar, 20 um. (H) High power view of the uterine horn in (F). The surface epithelial cells (short arrow) 
are shorter than in (£>) and (G) above, g, stromal gland; v, blood vessel. Bar, 20 um. 
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Control (Mean, 280gm) 



MMI+T4 (Mean, 240gm) 



MM! (Mean, 150gm) 
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Number of weeks 

Fig. 3. Body weight and body weight change (mean ±s.e.m.) in euthyroid (control), hypothyroid (MMI) and hypothyroid rats given thyroxine 
(MMI +T4) during the experiment. Rats in each group were weighed weekly and the mean±s.E.M. weight calculated. 



Hypothyroid rats progressively lost weight, developed 
dry fur, and were observed to be less active than 
euthyroid (control) or hypothyroid rats given thy- 
roxine (MMI + T4). Their weight loss was more 
pronounced from the 4th week of treatment (see Fig. 
3). Hypothyroid rats were found to have disrupted 
oestrus cycles with a large proportion of the days 
(40.0%) spent in dioestrus, whilst only 12.3% was 
spent in oestrus. The euthyroid rats spent 26.3 % of 
the days in oestrus stage with fewer days (22.7 %) in 
the dioestrus stage of the oestrus cycle (see Fig. 4). 

Uterine horn morphology 

The uterine horn is made up of 3 distinct structural 
entities: the luminal epithelium, the stroma and 2 
layers of smooth muscle. The stroma is composed of 
blood vessels and connective tissue cells. The luminal 
epithelium and stroma are collectively referred to as 
the endometrium. There is an inner circular and an 
outer longitudinal smooth muscle layer. A thin layer 
of connective tissue and mesothelium covers the 



external surface of the longitudinal muscle layer (see 
Fig. 2 c, e,/). The luminal epithelium is simple 
columnar and rests on a thin basement membrane. It 
is thrown into folds, thereby increasing the surface 
area of the lumen (see Fig. 2d, g, h). 

Uterine horn morphometry 

The morphometric parameters determined in the 
uterine horn were the absolute volume of the uterine 
horn, the relative and absolute volumes of various 
compartments of the horn, thickness of the endo- 
metrium, and the length of the uterine horn. The 
results are given in Tables 2 and 3. The volume density 
of endometrium was significantly greater in euthyroid 
and hypothyroid rats given thyroxine (MMI+T4) 
when compared with that of hypothyroid rats. The 
cross-sectional area of the uterine horn was also 
significantly reduced in hypothyroid rats. The ab- 
solute volume of the uterine horn was reduced in 
hypothyroid rats as compared with euthyroid ones 
(P < 0.05). However, in hypothyroid rats given 
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Fig. 4. Mean percentage of days spent on various stages of the 
oestrus cycle by each group of rats. Control, euthyroid; MMI, 
hypothyroid; MMI + T4, hypothyroid rats given thyroxine. The 
stage of oestrus cycle was determined by daily vaginal smears. H = 
dioestrus, d = metoestrus, ED = oestrus, □ = proestrus. 

thyroxine (MMI+T4), the volume was significantly 
higher (P < 0.05) as compared with hypothyroid rats. 
The decrease in volumes of different compartments of 
the uterine horn in hypothyroidism appear to be 
nonuniform. Whilst the endometrial volume had 
decreased by 45. 1 %, the muscle volume had decreased 
by 33.6% (see Table 4). 

The thickness of the endometrium from the luminal 
surface to the stroma-muscle junction was found to be 



Table 5. Morphometric variables for uterine horn in euthyroid 
(control), hypothyroid (MMI), and hypothyroid rats given 
thyroxine (MMI+ T4)f 



Variable 


Control 


MMI 


MMI+T4 


Endometrial thickness (mm) 


0.72* 


0.54 


0.62** 




(7-5) 


(6.3) 


(12.5) 


Length of uterine horn (mm) 


46* 


42 


44 




(6.5) 


(8.5) 


(7.1) 


Cross-sectional area of horn 


4.24* 


2.91 


3.55** 


(mm*) 


(16) 


(1.7) 


(1.7) 


Luminal perimeter (mm) 


0.959* 


0.725 


0.857** 




(12.1) 


(6.3) 


(10.8) 



t For explanation of abbreviations and symbols, see footnote to 
Table 4. 



significantly greater in euthyroid rats than in hypo- 
thyroid rats (P < 0.05). Length of the uterine horn 
from its junction with the body of the uterus at one 
end, to the horn-fallopian tube junction at the other, 
as well as its cross-sectional area had similarly 
decreased in hypothyroid rats. However, the length of 
the uterine horn had only decreased by 8 % whilst the 
cross-sectional area had decreased by 31.3% (see 
Table 5). 

DISCUSSION 

This study has demonstrated the occurrence of 
significant alterations of uterine morphology in 
hypothyroidism. The absolute volume of the uterine 
horn in hypothyroid animals was significantly reduced 
as was the wet weight of the organ. These changes 
were evidently partly prevented by thyroxine adminis- 
tration to hypothyroid animals. 

The rarity of pregnancy in hypothyroid women has 
generally been attributed to a high incidence of 



Table 4. Mean (CV%) relative and absolute volumes of different compartments of the uterine horn in euthyroid (control), 
hypothyroid (MMI), and hypothyroid rats given thyroxine (MMI+ 7V)t 

Volume density Vv Absolute volume (mm') 

Compartment Control MMI MMI + T4 Control MMI MMI + T4 



Uterine horn 








195.04* 


122.22 


156.2** 










(10.5) 


(9.8) 


(4.7) 


Endometrium 


0.32* 


0.28 


0.30** 


62.41* 


34.22 


46.86** 




(3.1) 


(5.3) 


(9.8) 


(8.0) 


(12.1) 


(9.5) 


Muscle 


0.67* 


0.70 


0.68** 


132.63* 


88.0 


109.34** 




(5.9) 


(6.4) 


(7.7) 


(5.9) 


(8.8) 


(11.2) 



t Results are group means (CV %) for 6 rats. Endometrial thickness was measured from the luminal surface of horn to the stroma-muscle 
junction. Luminal perimeter was the length of the outline of luminal epithelium in cross section. Control, euthyroid; MMI, hypothyroid; 
MMI+T4, hypothyroid rats given thyroxine; *P< 0.05, euthyroid vs hypothyroid; **P<0.05 hypothyroid vs hypothyroid rats given 
thyroxine. 
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anovulation (Goldsmith et al. 1952). The observations 
made here suggest that, in addition to anovulation, 
altered uterine morphology may play a part in 
preventing pregnancy. 

The hypothyroid rats exhibited physical features of 
hypothyroidism with a significant increase both in the 
weight and absolute volume of the thyroid gland. This 
increase was clearly due to both hypertrophy and 
hyperplasia of follicular cells as evidenced by an 
increase in their height as well as the presence of 
numerous mitotic figures. Hypothyroidism was 
further demonstrated by the morphometric assess- 
ment of gland structure which correlates quite well 
with the functional status of the gland as was 
suggested by Kalisnik (1981). 

Normally functioning human and rat thyroid 
glands have follicles of various sizes whose walls are 
made up of cuboidal or squamous follicular cells. The 
lumen of each follicle contains thyroglobulin (colloid) 
which serves as a storage form of thyroxine. In long 
standing hypothyroidism caused by methimazole, 
the normal follicular structure of the thyroid gland 
is disrupted. The cuboidal follicular cells become 
columnar, obliterating the lumina of the follicles, and 
the colloid almost totally disappears. The specific 
gravity of thyroid gland is significantly increased in 
hypothyroid animals (P < 0.01) presumably due to a 
decrease in colloid content. 

The improvement of uterine structure to near 
euthyroid values by thyroxine administration to 
hypothyroid animals suggests that in euthyroid 
animals the presence of the hormone contributes to 
the maintenance of normal uterine morphology. 
Indeed, DeCherney & Polan (1984) had already shown 
that patients suffering from habitual abortion caused 
by hypothyroidism respond favourably to thyroxine 
therapy. The decrease in uterine horn weight and 
volume in hypothyroid rats could be thus a direct 
effect, particularly since thyroid hormone is believed 
to exert its influence on tissues by facilitating the 
transcription of DNA resulting in new protein 
synthesis. Evans et al. (1983) and Mukku et al. (1983) 
have independently shown that the rat uterus is a 
specific site for thyroid hormone action by demon- 
strating the presence there of thyroid hormone 
receptors. It is known that thyroid hormone has a 
growth promoting action in rats, its absence leading 
to growth retardation (Evans et al. 1960). Absence of 
the hormone could thus slow down the normal 
processes of tissue growth and replacement resulting 
in a decrease in the size of the uterine horn. It appears, 
however, that the effect of hypothyroidism on the 
uterine horn was more pronounced on the endo- 



metrium than the smooth muscle layer. This could be 
as a result of unequal levels of metabolic activity, or 
due to a disproportionate distribution of thyroid 
hormone receptors in these 2 compartments. 

It could be argued that changes may also occur as 
indirect effects of hypothyroidism since it has been 
shown that hypothyroidism leads to a decrease in 
serum levels of the pituitary gonadotropins FSH and 
LH (Akande, 1975; Valle et al. 1985; Kirby et al. 
1992). These could in turn lead to a decrease in 
ovarian stimulation and hence a decrease in ovarian 
steroid hormone levels, causing a drop in stimulation 
of uterine metabolism. These effects might also explain 
why there is a preponderance of dioestrus smears in 
the hypothyroid rats in contrast to euthyroid or 
hypothyroid rats given thyroxine (MMI + T4). In fact, 
our findings on this aspect agree with those of others 
(Vriend et al. 1987; Ortega et al. 1990) who also found 
a persistence of dioestrus smears and a reduction of 
oestrus smears in hypothyroid rats. As the dioestrus 
stage in rats is characterised by low serum levels of 
gonadotropins, this observation suggests that hypo- 
thyroidism does have influence on the levels of these 
hormones. 

This study therefore has provided quantitative data 
which suggest that the structure of the rat uterine 
horn was altered in hypothyroidism, and that this 
alteration was reversible with thyroxine adminis- 
tration. Further studies on the effect of hypo- 
thyroidism on protein metabolism and cell kinetics in 
the uterine horn, as well as ovarian enzyme histo- 
chemistry are being planned. 
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preparations contain other sugar transferases, such as N-acetylglucosaminyl 
and sialy transferase, and suggested that the Golgi 'apparatus in liver is 
equipped with a multienzyme system for the synthesis of the terminal sugars 
in glycoproteins. 
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[18] Isolation of Rough and Smooth Microsomes — General 

By Gustav Dallner 

Definition. The isolated total microsomal fraction in most tissues con- 
sists of two major components: feugh and smooth microsomes, the former 
having attached ribosomes on the outer surface. The definition of this 
fraction is based not on its content but on the result of the centrifugation 
procedure employed to isolate it. 'By this definition, the microsomes are 
those elements of a tissue homogenate that can be sedimented by ultracen- 
trifugation from the mitochondrial supernatant. Whereas the rough micro- 
somes originate from the rough-surfaced endoplasmic reticulum (ER), the 
smooth microsomes, depending on the tissue and isolation conditions, vary 
in origin. Smooth, microsomes isolated from the liver derive either almost 
exclusively or to a great extent from the smooth ER 1 ; when isolated from 
the pancreas 2 and testis, 3 the same fraction contains mainly Golgi elements; 
and at subfractjonation of kidney, 4 Ehrlich ascites tumor cells, 5 or fibro- 
cytes,? parts of the plasma membranes are recovered as smooth micro- 
somes/ In most WJhe other organs, the microsomes may still contain 
additional element&^v 

Another complication facing ^those wishing to isolate rough and smooth 
microsomes is the variation, in size and density even among particles de- 
riving from the' same origin. Unlike many other cellular organelles, none of 
the lamellar and cisternal' structures of the rough and smooth ER can be 

*G. Dallner and L. Ernster, /. Histochem. Cytochem. 16, 611 (1968). 

3 J. D. Jamieson and G. E. Palade, /. Cell Biol 34, 597 (1967). 

'E. L. Kuff and A. J. Daltoh, in "Subcellular Particles" (T. Hayashi, ed.), p. 114* 
Ronald Press, New York, 1959. 

4 J. Rostgaard and O. J. M0ller, Exp. Cell Res. 68, 356 (1971). 

5 D. F. H. Wallach and V. B. Kamat,.this series, Vol. 8, p. 164. 

6 C. G. Gahmberg and K. Simons, Acfa Pathol Microbiol Scand. B t 78, 176 (1970). 
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separated in the intact form. 7 The new morphological structure appearing 
after homogenization acquires a spectrum of physical properties which to 
a great extent mirror the conditions employed. There is a consequence of 
this which is unfortunately not always' recognized: the method used for 
the separation of rough and smooth microsomes in one tissue almost in- 
variably cannot be used for another tissue. 8 Indeed, when a procedure 
found successful for one type of animal is used on another type of animal, 
even in the .case of the same organ, radical modifications are often 
necessary. 

Recovery and Purity. The clash between high yield and absence of con- 
tamination is greatly accentuated during the isolation of rough and smooth 
microsomes. These two basic requirements of all subfractionation work 
cannot be reconciled at present. In simple terms, 'this clash means that we 
must choose between high quantitative recov^^k^ high impurity, and 
partial recovery plus high purity v Since extensive contamination of a sub- 
fraction runs counter to the very purpose of the procedure, the investigator 
in most cases must choose the second alternative. A high recovery would 
be desirable, certainly, but at present such an objective belongs in the 
realm of wishful thinking, the basic condition for a high yield of both 
rough and smooth microsomes is effective homogenization. The extensive 
homogenization of liver, for example, results in the breakage of plasma 
membranes 6 and Golgi cisternae, 1 . 0 it releases outer mitochondrial mem- 
branes, 11 and ruptures lysosomes, 12 all of which contribute to a high degree 
of impurity of smooth and in some instances even of rough microsomes. 
Furthermore, connective tissue cells and cells of erythropoiesis, particularly 
in the newborn — cell types that possess plasma membranes more resistant 
to shearing forces — also break up and contribute to a false heterogene- 
ity. 13 ' 14 Prolonged homogenization leads to an increased release of bound 
ribosomes, modified vesicle structure and composition, and also inter- 
ference with enzyme activities. It does riot seem, at least in the case of the 
liver, that the ER portion lost in the-first centrifugation represents a specific 
and unique part of the system. It is very probable that the loss is caused 
by the presence of unbroken or incompletely broken cells of random origin. 

* G. E. Palade and P. Siekevitz, 7. Bidphys. Biochem. Cytol. 2, 671 (1956). 

•Y. S. Kim, J. Perdomo, and J. Nordberg, J.' Biol. Chem. 246, 5466 (1971). 

8 R. Coleman, R. H. Michell, J. B.' Finean, and J. N. Hawthorne, Biochim. Biophys. 

Acta 135, 573 (1967). \, 
10 B. Fleischer, S. Fleischer, and H. Ozawa, /. Cell Biol. 43, 59 (1969). 
11 W. E. Criss, /. Biol. Chem. 245, 6352 (1970). 
"'R. L. Deter and C. de Duve, /. Cell Biol. 33, 437 (1967). 
"I. T. Oliver, W. F. C. Blumer, and I. J. Witham, Comp. Biochem. Physiol. 10, 33 

(1963). v 
14 G. Dallner, P. Siekevitz, and G. E. Palade, J. Cell Biol. 30, 73 (1966). 
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Consequently, the isolated rough and smooth microsomes, at least in 
qualitative respects, represent the true picture. 

Medium. Practically all fractionation procedures are performed in 
sucrose solutions. 15 For homogenization, 0.25 M. or 0.44 M solutions are 
used in most cases; 0.88 M sucrose is better able to keep an elongated, 
tubulelike structure among the rbugh microsomes, 7 but this increases cen- 
trifugation time, which is a drawback for the separation procedure itself. 
Under the conditions of ultracentrifugation, the liver microsomal vesicle is. 
completely permeable to sucrose, 16 a property that seems to be shared by 
peroxisomes alone. 17 Thanks to this property, sucrose has a less damaging 
effect on microsomal vesicles than* many other suspension media. The 
vesicles do not display any osmotic response, and their high equilibrium 
density — mainly provided by the solid membrane material plus hydration 
water — is advantageous in the separation procedure. High polymer dex- 
tran, glycogen, and. Ficoll, being nonpermeable solutes, lend low density 
to both rougli and smooth microsomes to such >an extent that their isola- 
tion in a discontinuous gradient is more difficult. 

Influence of Surface Charge. The microsomal membranes possess a 
high net negative surface charge density, rough microsomes being more 
negative than the smooth variety , 1S This^'property can be utilized for effec- 
tive and rapid separation, and it is also important for a number of other 
reasons. During the isolation procedure^ significant amount of cytoplasmic 
basic proteins becomes attached to tttr particle surfaces, contributing in 
this way about 30% of the total microsomal protein. 19 The extremely com- 
mon finding that microsomal vesicles aggregate during the isolation proce- 
dure, at times as early as during, homogenization^ is a very unfortunate 
consequence of the surface^charge, invariably leading to incomplete sepa- 
ration. Purity of all glassware as well as the absence of cations in the dis- 
tilled water are of basic importance in the subfractionation of microsomes. 
Foreign charged substances ingested with food or drinking water accum- 
ulate in the liver, particularly on the surface of the ER. A well-documented 
finding is the influence of detergents used, for example, for cleaning cages. 

15 The major disadvantage of sucrose is the steep rise in viscosity with increasing 
concentration and the very sensitive relationship between the viscosity of sucrose 

■ and temperature. To give an example: an increase in temperature from 5° to 10° 
(which frequently occurs during long centrifugations) will decrease the viscosity 
by 20% and consequently increase the sedimentation velocity by 20%. 

1C R. Nilsson, E. Peterson, and G. Dallner, /. Cell Biol 56, 762 (1973). 

"F, Leighton, B. Poole, H. Beaufay, P. Baudhuin, J. W.' Coffey, S. Fowler and 
C. de Duve, /. Cell Biol 37, 482 / (1968). 

18 G. Dallner and A. Azzi, Biochim. Biophys. Actq^SS, 589 '(1972). 

19 G. Dallner, in "Proceedings of the 4th International Congress of Pharmacology" 
(R. Eigenmann, ed.), Vol. 4, p. 70. Schwabe, Basel, 1970. 



194 SUBCELLULAR FRACTIONS AND DERIVED MEMBRANES [18] 



It is no exaggeration to say -that all these factors are decisive for the ultimate 
physicochemical properties of the microsomal membranes and certainly 
constitute one of the explanations why different laboratories obtain different 
results. It has also, been suggested that the inner surfaces of several mem- 
branes have a different structure and consequently a different charge, 20 
which may contribute toward a selective change of particle density when 
divalent cations are present in low amounts in a polymer gradient. All 
these considerations indicate how important it is not to use buffers in the 
gradient medium without controlling side effects. In most cases, the pro- 
teins present during subfractionation have a large enough buffering ca- 
pacity to keep the pH around 7. . 

Stability. Microsomes have a great tendency to aggregate, often even 
in the absence of cations. This statement is valid for both subtractions, but 
smooth microsomes are decidedly more sensitive and unstable. 21 

The stability involving both an existence in nonaggregated form and 
an uninfluenced enzyme activity requires either high protein or high sucrose 
concentration or, in the most ideal case, both. It is not advisable to use a 
particle concentration of less than 5 mg of protein pier milliliter or a sucrose 
concentration of less than 0.25 M. If it is difficult to obtain a high protein 
concentration, stabilization can be aeft^edjtjy adding protecting colloids, 
such as albumin, 22 spermine, or spermine?*' 3 Stability may be increased 
by using a high sucrose concentration (30-40%), but this is not often 
practicable. Isolated subtractions tolerate sedimentation badly and aggre- 
gate in many cases. If smooth microsomes are pelleted, they always aggre- 
gate independently of the protein or sucrose concentration. 

• If isolated subtractions must be concentrated and aggregation is dele- 
terious (for example, in the case of further subfractionation) a suitable 
concentration may be obtained by layering the suspension above a 2-4 ml 
sucrose cushion (^1.6 M) in an angle-head or swinging-bucket rotor and 
collecting the particles at the interface after short centrifugation (^30 
minutes) at 60,000-80,000 g. A high sucrose concentration and high cen- 
trifugal force lead to aggregation of the particles at the interface and are 
no more advantageous than pelleting. 

The simplest way to test for aggregation is to filter microsomes (4-5 
mg of protein per milliliter) by suction pump through a filter of 0.45 /un 
(Millipore Corp., Bedford, Massachusetts) followed by an additional 
volume of sucrose for washing. 2 - In the nonaggregated state, about 90% 
of both rough and smooth microsomes appear in the filtrate. 

20 T. L. Steck and D. F. H. Wallach, Methods. Cancer Res. 5, 93 (1970). 

21 H. Glaumann and G. Dallner, J.jCell Biol. 47, 34 (1970). . 

23 G. Dallner and R. Nilsson, /. Cell BioL 3l, 181 (1966). 

23 P. H. Jellinck and G. Perry, Biochim. Biophys. Acta 137, 367 (1967). 
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In the isolated state, microsomes can be damaged by their own enzymes 
in the membrane (e.g., PLPase-A, 24 ' 25 enzymatic lipid peroxidation 26 ) or 
in the lumen (e.g., trypsin, lipase 27 )- Specific inhibitors may counteract 
this: absence of cations and low temperature (PLPase A), small amounts 
of antioxidants or chelating agents (lipid peroxidation), trypsin inhibitor 
(trypsin), Zn 2+ or Ag+ (pancreatic lipase) etc. 

Centrifugal Force and Rotors. It is very tempting to use high centrif- 
ugal' forces to sediment microsomes, sinceytheir small size often requires a 
long, centrifugation time, but this should be avoided. Microsomal vesicles 
in the usual concentration and in 0.25 M sucrose centrifuged in an angle- 
head rotor (26°) in the Spinco-Beckman ultracentrifuge at more than 
40,000 rpm show signs of damage such as increased permeability and an 
oval rather than round form in the electron microscopical picture. Natur- 
ally, much higher speeds may. be employed when the particle is moving 
in a high concentration of medii^^and does not hit the bottom of the 
tube. In most gradient centrifugatmiswinging-bucKet rotors are required. 
In the case of microsomal fractionsA>articularly when the sedimentation 
velocity of rough microsomes is increased by the addition of monovalent 
cations, angle-head rotors with a large tube angle of inclination .to the axis 
of rotation may be used for the discontinuous sucrose gradient. 28 Actually, 
this can be advantageous, since the convections set up during centrifugation 
decrease centrifugation time without causing mixing of the two main com- 
ponents in the surface layer and in the pellet. 

' Isolation of Rough and Smooth Microsomes 

Rat Liver 

Rats weighing around 180-200 g give the most reproducible prepara- 
tions. Starvation for 20 hours before sacrifice decreases the liver glycogen 
content to about 1 mg/g (wet weight). Starvation induces" increased glu- 
cose-6-phosphatase (G6Pase) activity, 29 but in nonfasted rats the loss of 
bjpth rough and smooth microsomes during the preliminary centrifugation 
is increased by 30-40%. Constituents from broken erythrocytes (e.g., 
hemoglobin) are easily adsorbed on the surface of microsomes, 80 and, if 
this is undesirable, perfusion with 0.25 M cation^free sucrose may be 

24 P. Bj0rnstad, Biochim. Biophys. Acta 116, 500 (1966). 

25 M. Waite and L. L. M. van Deenen, Biochim. Biophys. Acta 137, 498 (1967). 

20 P. Hochstein and L, Ernster, Cell. Inj., Ciba Found. Symp., 1963 p. 123 (1964). 
2t L Meldolesi, J. D. Jamieson, and G. E. Palade, /. Cell Biol 49, 130 (1971). 
48 A. Bergstrand and G. Dallner, Anal Biochem. 29, 351 (1969). 
20 W. J. Arion and R. C. Nordlie, Biochem. Biophys. Res. Commun. 20, 606 (1965). 
30 M. L. Petennann and A. Pavlovec, /. Biol Chem. 236, 3235 (1961). 
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performed. Livers are minced into small pieces with a pair of scissors and 
rinsed several times with cold sucrose solution. Homogenization is per- 
formed in the commercially available Teflon homogenizer in. a volume that 
roughly corresponds to the volume of liver. In the motor-driven homoge- 
nizer, run at a speed not exceeding 400-500 rpm, four strokes are used. 
Complete homogeneity of the suspension is not obtained and is, in fact, not 
to be desired. • 

Catioh-Contaihing Sucrose Gradient 

Principle. Rough microsomes display a high binding affinity for Cs + in 
comparison with smooth microsomes. 3 * In the presence of a limited amount 
of Cs + , the net negative surface charge density selective for rough mem- 
branes decreases, with consequent abohshrhent of repelling forces. Exten- 
sive aggregation of rough microsomes follows, 32 and the mean radius of the 
sedimenting particles is at least doubled or trebled; this increases the sedi- 
mentation velocity by 4-9-fold. 22 

. Beckman-Spinco Centrifuge. Practical. 40.2 Rotor. 28 Homogenization 
of the liver is performed in 0.25 M sucrose followed by dilution to a tissue 
concentration of 25% (w/v). The homogenate is centrifuged at 10,000 g 
for 20 minutes, either in an ultracentrifuge or in a low-speed cooled cen- 
trifuge. The supernatant (10,000 g supernatant) is decaftted to the last 
drop into a graded cylinder and is not diluted. In order to obtain a final 
CsCl concentration of. .15 mM, the suspension is mixed with 0.15 ml of 
1 M CsCl per 10 ml; 4.5 ml of CsCl-containing "10,000$ supernatant" 
is layered over 2 ml of 1.3 M sucrose-15 mM CsCl. 33 '. 34 After centrifuga- 
tion in a 40.2 rotor (tube angle. 40°) at J02,000 g.for-L20.jninutes, 3C the 
clear reddish upper phase can be removed either with a pipette provided 
with a rubber aspirator or with a water pump. This portion is discarded. 
The fluffy doubk.layer (upper: reddish, lower: light brown) at and under 
the gradient boundary is collected. 38 This fraction, the total smooth micro- 
somes, contains some soluble cytoplasmic protein. If no further subfrac- 
tionation is planneo4nd aggregation has no importance, the fraction can 

31 G. Dallner, L. Ernster.^ahd A. Azzi, Chem.-Biol. Interactions 3, 254 (1971). 
"G. Dallner, Acta. Pathol. Microbiol. Scand., Suppl. 166 (1963). 
"Layering may be done either with a pipette or with a peristaltic pump. 
M For standardization, all sucrose solutions should be nkde up first by warming 

followed by . cooling in an. ice,dwater bath with subsequent volume adjustment with 

cool water. ' ' ^ < 

35 Starting from a 20% homogenate, 90 minutes of centrifugation is sufficient. 
"The intermediate layer may be removed with an ordinary or Pasteur pipette, but 

ideal is a syringe with a long needle whose tip has been bent into an L shape. The 

syringe is clamped above the tube, which rests on a variable stand that can raise 

it to the desired level. 
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be recentrifuged at 105,000 £ for 90 minutes in order to obtain a pellet 
The 1.3 M sucrose layer above the pellet is removed with a pipette or a 
syringe^ except for the last few drops, which contain the fluffy layer. This 
layer with 15% of the total microsomal protein is discarded except when 
rough III microsomes are prepared (see below). The pellet with the few 
drops immediately covering it is resuspended by hand homogenization after 
the addition of water {total rough microsomes). The yield is ^12 and 
5 mg of protein per gram "of liver for rough and smooth^.icrosomeSj 
respectively. f . J j 

SW 39 and SW 40 rotors. Swinging-bucket rotors gi^fig high g 
values can also be utilized for subfractionation. 14 The decrease of con- 
vection in these rotors, however, increases centrifugation time in spite of 
the high centrifugal forces employed. Using a SW 39 rotor, 3 ml of Cs + - 
containing 10,000 £ supernatant is layered above 2 ml of 1.3 M sucrose- 
15 mM CsCl; after 3 hours of centrifugation with the highest speed for 
this rotor (39,000 rpm), the two microsomal subtractions are .separated. 
In the case of SW 40 rfctor, 9 ml is layered above a 4-ml cushion. Cen- 
trifugation for 3 hours is still required for separation of rough and smooth 
microsomes in spite of the high centrifugal force employed (198,000 g). 

40 Rotor. Low tube angle to the axis of rotation increases convections 
to. an .extent incompatible with .the successful separation of microsomal 
subfractions. The 40 rotor of the Spinco hats a tube angle of 26°, but if 
7 ml of Cs + -containing 10,000 g supernatant are layered above a 4-ml 
Cs + -containing cushion, after 140 minutes of , centrifugation rough and 
smooth microsomes are separated. The result of this, however, probably 
because of side wall impaction, is that about 15% of smooth microsomes 
are recovered in the pellet. 3 / 

Christ Omega and International B-60 Ultracentrifuge. Angle-head 
rotors with large tube angles . (3^ in the 60 rotor of Christ Omega and 
35° in the A-321 rotor of International B-60 ultracentrifuge) can be spun 
at 60,000 rpm, which in both cases provides a force of 250,000 g. The 
conditions created in these rotors are close to ideal for the separation of 
rough arid -smooth microsomes by the method described above. 32 In both 
centrifuges, 3.5 ml of 1.3 M sucrose-15 mM CsCl in the lower layer and 
10,000 g supernatant with 15 mM CsCl in the full upper layer gives after 
60 minutes of centrifugation at 60,000 rpm in both centrifuges an almost 
complete separation of rough and smooth microsomes with only limited 
amounts of particulate material in the 1.3 M sucrose phase. 

Separation of Rough I, II, and III Microsomes. Rough vesicles with 

"T. E. Gram, L. A. Rogers, and J. R. Fouts, /. Pharmacol. Exp. Ther. 155, 479 
(1967). 
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few ribosomes remain in an intermediate position on a Cs + -containing 
discontinuous sucrose gradient and can be separated with a simple one-step 
centrifugation procedure. 88 Liver from starved rat is homogenized in 
0.44 M sucrose at a tissue concentration of 20% (w/v). After centrifuga- 
tion at 10,000 g for 20 minutes, the supernatant is mixed with 0.15 ml of 
1 M CsCl/10 ml; 3.5 ml of the suspension is layered over 3 ml of 1.3 M 
sucrose-15 mM CsCl and centrifuged in a 40.2 rotor (Spina?) at 
102,000 g for' 90 minutes. The clear upper phase and the smooth micro- 
somes at the gradient boundary are removed, and the 1.3 M sucrose layer 
down to the upper edge of the pellet is sucked off (rough III microsomes). 
The remaining sucrose solution above the pellet is taken up with a Pasteur 
pipette (rough II microsomes), and the pellet is suspended in 0.25 M 
suczo$&,4rough I microsqmes^. The' two former subtractions may be pel- 
leted after . dilution ^ith-water^r sucrose. 

Separation; oj ■■Smooth.J and 'II Microsomes. 25 After centrifugation in 
the 40.2 rotor, 1 total sinooth' microsomes from two tubes are combined, 
diluted dropwise with, distilled water to 4.5 ml, mixed with 1 M MgCl 2 to 
give a final concentration of 7 mM, and layered- over 2 ml of 1.15 M 
sucrose-7 mM MgCl 2 . Aftet 9entrifugation at 102,000 g for 45 minutes in 
the 40.2 rotor, the cleat upper phase is removed and discarded. The fluffy 
layer at the gradient. boundary is collected,-' diluted with 0.25 M sucrose, 
and recentrifuged -at 105,000 g for 90 minutes (smooth II microsomes). 
The pellet formed on the Mg 2 *-sucrose gradient represents the smooth I 
microsomes. 

Discontinuous Sucrose Gradient 

Principle. The. majority of rough microsomes possess' a higher equilib- 
rium density than smooth microsomes and on a suitably designed discon- 
tinuous sucrose gradient they wul, sediment, while the smooth microsomes 
remain in the vicinity of the interface. 39 The attainment of isopycnic equi- 
;hbriumcis not .necessary; in fact, it is not even possible because of the type 
of gradient and the continuous density spectrum of the microsomal vesicles. 

practical. The following procedure 40 is a modification of the original 
one^esigned to. abolish aggregation of the vesicles in the subtractions. 
Homogenization is performed in 0,44 M sucrose (2 g/10 ml). After cen- 
trifugation at 10,000 g for 20 minutes, the supernatant is diluted with 
0.44 M sucrose to restore the original volume. Of this suspension, 8 ml is 
layered over . 3 ml of 1.3 M sucrose, .and centrifuged at 105,000 g for 7 

*L. C. Eriksson and G. Dallner, FEBS (Fed. Eur. Biochem. Soc.) Lett. 19, 163 

(1971). . 
"J. Rothschild, Biochem. Soc. Symp. 22, 4 (1963). 
10 G. Dallner, A. Bergstrand, and R. Nilsson, /. Cell Biol. 38, 257 (1968). 
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hours 40 minutes in. a. 40 rotor^ (Spinco). The upper 0,44 M sucrose phase 
is sucked off. The milky layer localized in the upper part of the' 1.3 M 
sucrose layer, which is in the process of sedimenting down, is removed. If 
the fraction is not used for further subfractionation, it may be recentrifuged 
after dilution with ; 0.25 M sucrose (smooth microsomes). The 1.3 M 
sucrose layer is removed and discarded, but the fluffy layer just above the 
pellet is left behind and rehomogenized by hand together with the pellet, 
after the addition of a few drops of wafer (rough microsomes). The 1.3 M. 
sucrose layer, which is discarded, contains a mixture of rough and smooth' 
microsomes (^10-15% of both). The yield after recentrifugation is 
r~>\§ and 4 mg of protein per gram of liver for rough and smooth micro- 
somes, respectively. 

Mouse, Rabbit, and Guinea Pig Liver 

The isolation ot rough, smooth I, and II microsomes from mouse liver, 
as well as rough and total smooth microsomes from rabbit liver, is carried 
out in the same way as described for rat liver. In the case of the rabbit, 
however, the density gradient with Mg 2 * for subfractionation of smooth 
microsomes is composed of 0.25 M/1.00M sucrose rather than 0.25 M/ 
1.15 M sucrose. Because of the frequent aggregation of si^^^micrbsomes 
from guinea pig liver, the soluble supernatant must be removed during the 
isolation procedure by a three-layered gradient. Over 2 ml of 1.3 M 
sucrose-15 mM Cs + , and- 1 ml of 0.5 M sucrose-15 mM Cs + j 3.5 ml of 
* 15 mM CsCl containing 10,00,0 £ supernatant is layered and' centrifuged 
at 102,000 g for 90 minutes in a 40.2 rotor. The ^double-layered total 
smooth microsomes in the 0.5 M sucrose may b^furEher subfractionated 
by centrifugation after dilution with 0.25 M sucrose and layering over 
1.00 M sucrose, both 'containing 7 mM MgCl 2 . 

Guinea Pig Pancreas 

Continuous Gradient 41 ** 2 

Pancreas from 20-hour-starved guinea pig is passed through a stain- 
less steel tissue press and homogenized in 0.3 M sucrose (l t g/10 ml) by 
30 strokes in a hand homogfenizer fitted with a rubber pestle. After filtration 
through 110-mesh nylon cloth, the tiompgenate is centrifuged at 1 1,000 # 
for 15 minutes in a Spinco 40.3 rotor. The upper two-thirds of the super- 
natant is removed, centrifuged at 115,000 g for 60 minutes, and the pellet 
is resuspended in 0.3 M sucrose to a concentration of ^6 mg of protein 
per milliliter. Of this suspension, 0.2-0.3 ml is layered in a Spinco SW 39 

<J J. D. Jamieson and G. E. Palade, 7. Cell Biol. 34, 577 (1967). 

42 J. Meldolesi, J. D. Jamieson, and G. E. Palade, 7. Cell Biol 49, 109 (1971). 
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tube on a 5-ml linear sucrose density gradient (1.04 to 2.00 M) and cen- 
trifuged for 5 hours at ; 15,000 g. This results in the appearance of 3 bands 
on the gradient: the upper band close to the top represents smooth micro- 
somes; the band in the middle contains both rough and smooth microsomes 
as well as free ribosomes; and the third band, in the lower part, is made 
up of rough microsomes. 

Cation-Containing Sucrose Gradient* 3 

Cleaned pancrea'se from 48-hour-starved guinea pig is homogenized in 
0.44 M sucrose (2 g/10 ml) with a Teflon-glass homogenizer (400-500 
rpm, 10 strokes). Twice during homogenization the adherent tissue clumps 
are removed from the pestle. After centrifugation at 15,000 g for 20 
minutes, the supernatant is supplied with CsCl (final concentration 
10 mM). Of this suspension, 3.5 ml is placed on a double layer consisting 
of 2 ml 1.05 M sucrose-15 mM CsCl and 1 ml of 0.6 M sucrose-10 mM 
CsCl. Centrifugation is performed in a 40.2 rotor (Spinco) at 102,000 g 
for 120 .minutes. The double layer in the 0.6 M sucrose represents smooth 
microsomes (in this case deriving from the Golgi complex). The pellet 
together with the adherent fluffy layer consists of rough microsomes. 

~ Remarks 
Chol&m Method. The. simplicity of a method is often decisive, and 
it is understandable that many laboratories still employ differential centri- 
fugation techniques for the isolation of the two main subtractions" in spite 
of the apparent cross "contamination. Cation-containing gradients are effec- 
tive and also fulfill one of the most important requirements in work on 
, membrane structure: rapid, time-saving separation. On the other hand, they 
' require a cation-free laboratory environment as well as relatively high 
quality laboratory animals, which are not readily available everywhere. 
Because of the heterogeneity of both rough and smooth microsomes, fur- 
ther subfractionation employing gradient technique is of great importance 
in studying microsomal membranes. Subfractionation of total microsomes 
by continuous gradients in general gives poor results, which may be ex- 
plained by electrostatic interaction among differently charged particles. On 
the other hand, appreciable heterogeneity can be demonstrated by using 
isolated rough or smooth microsomes as starting fractions.. Rough micro- 
somes isolated in the presence of monovalent cations are in aggregated 
form and therefore cannot be used for further subfractionation. 

Chemical Markers. The isolated microsomal particle contains not 
only membranous proteins but also adsorbed (^30% of the total) and 



43 G. Dallner and H. Glaumann, Abstr. Int. Congr. Biochem,, 7th 5, 933 (1967). 
" Y. Moul6, C. Rouiller, and J. Chauveau, /. Biophys. Biochem. Cytol. 7, 547 (1960). 
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luminal (^15%) proteins, and in many studies these must be removed. 
Adsorbed basic proteins are removed most simply by suspending the pellet 
in a sucrose-free medium consisting of 0.15 M Tris-buffer, pH 8.0, fol- 
lowed by recentrifugation. 30 '* 5 The majority, if not all, of excretory blood 
proteins in the lumen can be extracted by incubation in distilled water 
(^0.5 mg of. protein per milliliter) at 30°C for 15 minutes followed by 
chilling in an ice-water bath and repentrifugation. 46 ' 47 In the case of 
pancreas, the suspension of microsomes in alkaline buffers also extracts 
most of the secretory proteins. 43 The consecutive buffer and water treat- 
ments also remove most of the bound ribosomes. The PLP: protein ratio in 
nonwashed smooth microsomes is ^0.34 and in rough microsomes ^0.26. 
The corresponding ratios for RNA: protein are ^0,07 and 0.25, respec- 
tively. 48 The cholesterol content on a PLP basis also differs, being ^12% 
in smooth, and 7% in rough, microsomes. 

Enzymatic Markers, Most of the enzymes studied are more or less 
evenly distributed during steady-state conditions in total rough and total 
smooth microsomes 1 (but not in later subtractions of these two main divi- 
sions). One of the few exceptions is GDP-mannosyltransf erase, which is 
present mainly or exclusively in rough microsomes. 49 ' 60 This is true only 
if GDP-mannose is used as substrate and endogenous protein as acceptor. 
On the other hand, during dynamic conditions, such as in newborn 45 and 
drug-induced animals, 51 the enzymatic composition* of the two subtractions 
differs greatly. * 

43 G. Dallner, P. Siekevitz, and G. E. Palade, J. Cell Biol 30, 97 (1966). 

48 M. Schramm, B. Eisenkraft, and E. Barkai, Biochim. Biophys. Acta 135, 44 (1967). 

47 H. Glaumann and G. Dallner, /. Lipid Res. 9, 720 (19-68). 

48 A part of the free ribosomes, present in the 10,000 g supernatant, remain in the 
smooth microsomal fraction and contribute to its KNA content. 

49 J. Molnar, M. Tetas, and H. Chao, Biochem. Biopfiys. Res. Commun. 37, 684 
(1969). 

50 C. M. Redman and M. G. Cherian, /. Cell Biol 52, 231 (1972). 
51 S. Orrenius, /. Cell Biol 26, 725 (1965).' 
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Microsomes into Ribosomal and Membraneous Components 

By M. R. Adelman, G. Blobel, and D, D. Sabatini 

Preparation of Rough and Smooth Microsomes 

Most fractionation procedures designed to obtain purified microsomes 
involve the preparation of a postmitochondrial supernatant (PMS) from 
which smooth (SM) and rough microsomes (RM) and free ribosomes are 
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luminal (^15%) proteins, and in many studies these must be removed. 
Adsorbed basic proteins are removed most simply by suspending the pellet 
in a sucrose-free medium consisting of 0.15 M . Tris-buff er, pH 8.0, fol- 
lowed by recentrifugation. 30 ' 45 The majority, if not all, of excretory blood 
proteins in the lumen can be extracted by incubation in distilled water 
(^0.5 ing of protein per milliliter) at 30°C for 15 minutes followed by 
chilling in an ice-water bath and. recentrifugation. 46 ' 47 In the case of 
pancreas, the suspension of microsomes in alkaline buffers also extracts 
most of the secretory proteins. 43 The consecutive buffer- and water treat- 
ments, also remove most, of the bound ribosomes. The PLP: protein ratio in 
nonwashed smooth microsomes is ^0.34 and in rough microsomes ^0,26. 
The corresponding ratios for RNA: protein are ^0.07 and 0.25, respec- 
tively. 48 The cholesterol content on a PLP basis also differs, being ^12% 
in smooth, and 7% in rough, microsomes. 

Enzymatic Markers. Most of the enzymes studied are more or less 
evenly distributed during steady-state conditions in total rough and total 
smooth microsomes 1 (but not in later subfractions of these two main divi- 
sions). One of the few exceptions is GDP-mannosyltransf erase, which is 
present mainly or exclusively in rough microsomes. 49 ' 50 This is true only 
if GDP-mannose is used as substrate and endogenous protein as acceptor. 
On the other hand, during dynamic conditions, such as in newborn 45 and 
drug-induced animals, 51 the enzymatic composition: of the two subfractions 
differs greatly. 

45 G. Dallner, P. Siekevitz, and G. E. Palade, /. Cell Biol 30, 97 (1966). 

*M. Schramm, B. Eisenkraft, and E. Barkai, Biochim. Biophys. Acta 135, 44 (1967). 

41 H. Glaumann and G. Dallner, /. Lipid Res. 9, 720 (1968). 

48 A part of the free ribosomes, present in the 10,000 g supernatant, remain in the 

smooth microsomal fraction and contribute to its RNA content. 
40 J. Molnar, M. Tetas, and H. Chao, Biochem. Biophys. Res. Commun. 37, 684 

(19i59). <~ 

00 C. M. Redman and M. G. Cherian, J. Cell Biol 52, 231 (1972). 
31 S. Orrenius, /. Cell Biol 26, 725 (1965). 
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Most fractionation procedures designed to obtain purified microsomes 
involve the preparation of a postmitochondrial supernatant (PMS) from 
which smooth (SM) and rough microsomes (RM) and free ribosomes are 
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prepared, discontinuous sucrose density gradients being used. It is known 
that the RNA of membrane-bound ribosomes amounts to ^60% of the 
total RNA of rat liver. 1 Usually, 50% or more of the total RNA is sedi- 
mented with the nuclei and mitochondria, and most of this reflects the loss 
of RM. 1 " 8 Furthermore, the bound ribosomes in the PMS are only partially 
recovered in the purified RM fraction. Such losses of RM elements during 
cell fractionation should be avoidable/ however. It is known that mito- 
chondria can- be washed relatively free- of contaminating RM if simple 
sucrose solutions are used, 4 - 5 but that the addition of mono- or divalent 
cations must be avoided since these cause clumping and aggregation of. 
membranous organelles. 6 - 7 Nuclei, on the other hand, cannot.be washed 
extensively in salt-free media, since they tend to swell and. produce a. 
nucleoprotein gel. 8 ' 9 Rather pure nuclei can be separated from total ho- 
mogenates, .however, by sedimentation through dense sucrose solutions. 9 - 10 
The following fractionation scheme, 11 which yields RM preparations rep- 
resenting nearly 50% of the membrane-bound ribosomes of rat liver, has 
been devised following the above considerations. The method is in no way 
a radical departure from previously published , ones. Procedures in common 
use involve sedimentation through concentrated sucrose media to purify 
nuclei, 9 - 10 washes with simple sucrose media to reduce the microsomal con- 
tamination of mitochondria,*- 5 and sedimentation through discontinuous 
sucrose density gradients to separate SM, RM, : and free ribosome frac- 
tions. 12 " 15 The scheme described here simply represents one convenient 

1 G. Blobel and V. R. Potter, J.Mol. Biol. 26, 279 (1968). ' 
1 R. R. Howell, J. N. Loeb, and G. M. Tomkins, Xroc. Nat. Acad. Sci. US. 52, 1241 
(1964). 

' A. Bergstrand and G. Dallner, Anal. Biochem. 29, 351 (1969). 

*C. de Duve, B. C. Pressman, R. Gianetto, R. Wattiaux, and F.' Appelrnans, Bio- 
chem. J. 66, 1955 (1955). \ 

5 A. Amar-Costesec, H. Beaufay, E. Feytmans, D. Thines-Semploux, and J. Bertnet, 
in "Microsomes and Drug Oxidations" (J.,R. Gillette, A. H. Conney_, G. J. 
Cosmides, R. W. Estabrook, J. R. Fouts, and G. J. Mannering, eds.). Academic 
Press,\New York, 1969. 

■«W, C. Schneider and G. H. Hogeboom, Cancer Res. 11, 1 (.1951). 
• ' G. H. Hogeboom, W. C. Schneider, and G. E. Palade, /. Biol. Chem. 172, 619 
(1948V 

*R. M. Schneider and M. L. Peterman, Cancer Res. 10, 751 (1950). 

*M. Muramatsu, in "Methods of Cell Physiology" (D. M. Prescort, e<L), Vol. IV, 
p. 195. Academic Press, New York, 1970. 
10 G. Blobel and V. R. Potter, Science 154, 1662 (1966). ( 
?M. R. Adelman, G. Blobel, and D. D. Sabatini, /. Cell Biol. 56, 191 (1973a). 
" E. Reid, in "Enzyme Cytology" (D. B. Roodyn, ed.), p. 321.. Academic Press, 

New York, 1967. w 
"G. Dallner and L."Ernster, 7. Histochem. Cytochem. 16, 611 (1968). 
"G. Blobel and D. D. Sabatini, /. Cell Biol. 45, 130 (1970). 
"D. D. Sabatini and G. Blobel, /. Cell Biol. 45, 146 (1970). 
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combination of these techniques designed especially to maximize the yield 
of membrane bound ribosomes. 

. All solutions are prepared using deionized distilled water, Millipor.e 
filtered (0.45 fim for most,. 1.2 pm for concentrated sucrose stock solu- 
tions), and stored in the cold. All operations, unless otherwise specified, 
are carried out in an IEC B-60 centrifuge (International Equipment Co., 
Needham Heights, Massachusetts). In the figures, the notation "30 min- 
44K-A211 (200,000)" is used to denote a 30-minute centrifugation at 
44,000 rpm in <the A211 rotor under which conditions £ max ^200,000. In 
Spinco centrifuges (Beckman Instruments; etc.) rotors A211 and SB 110 
can be replaced with Spinco rotors 42.1 or Ji 66 and SW 27, respectively. 
All pH's are those measured at room temperature. " ; 

Male Sprague-Dawley rats (^120-150 g) starved for about 18 hours 
are sacrificed between 9:00 and 10:00 am by decapitation with guillotine 
(Harvard Apparatus Co., Inc., Millis, Massachusetts),. Livers are quickly 
excised, immersed into ice-cold 0.25 M sucrose andhbut into three to five 
large pieces. All subsequent operations are carried out in the cold room. 
Pieces of liver are blotted on absorbent paper and forced through a tissue 
press consisting of a piston and a stainless steel plate with 17mm perfora- 
tions. The pulp is ..weighed, slurried with 2 ml of 1.0 M sucrose solution 
per gram, and homogenized (8-10 passes) with a Teflon pestle, motor- 
driven tissue grinder (Arthur H. Thomas Co., Philadelphia, Pennsylvania 
size C, pestle rotating at 1000-2000 rpm). Slightly more or less vigorous 
homogenization does not affect the fractionation significantly. 

The fractionation scheme is described below with reference to the 
numbered steps in flow diagrams I and II (Figs. 1 and 2). Tie scheme 
essentially involves first removing nuclei from a liver homogenate, the 
density of which is adjusted so that most other membranous organelles 
either float, are isopycnic,. or sediment very slowly during the appropriate 
centrifugation. No ionic components (KC1, Tris, MgCl 2 , etc.) are intro^ 
duced into the homogenate. The postnuclear supernatant is then diluted to 
a density low enough to allow sedimentation of mitochondria which are 
washed with relatively ion-free sucrose solutions.. The combined PMS is 
then fractionated pn a discontinuous sucrose density gradient (which essen- 
tially contains no ipns) into' smooth and rough microsome. anc£ free ribo- 
some fractions.. 

Flow Diagram I (Fig. I) 

Step a. The liver pulp is homogenized in 2 volumes of 1.0 M sucrose 
(2 ml/g): a higher sucrose concentration makes homogenization more 
difficult, while a lower concentration necessitates a greater dilution of the 
homogenate in the subsequent density adjustment step'. The homogenate 
is filtered through a single layer of Nytex cloth (No. 130, Tobler, Ernest 

> 
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1. Homogenize liver pulp in 2 volumes of 1.0 M sucrose. Filter through nylon net. 
Mix 1:1 with 2.5 M sucrose. 



2. 



Centrifuge 45 min -24K-SBII0 (-100,000) 



Pellets^ Nuclear Fraction 



Bulk Mitochondrial Fraction 



3. Dilute supernatant 2:1 
Yith H 2 0. Centrifuge 
15 min-|5K-A21l (-22,000). 



Wash twice in 0.50 M sucrose + IS (9:L). 
Centrifuge 15 min -I3K-A2U (-17,000). 

Supernatants (Wash 1 & II) 



Pellets 



Pellets 



Mitochondrial Fraction 



Bulk Supernatant 



Centrifuge pooled supernatants 
15 min-l3K-A2ll (-17,000). 



Postmitochondrial Supernatant (PMS) 
, Fig. 1. Flow diagram I. 

and Traber, Inc., New York) ; this removes connective tissue debris and 
improves the subsequent separation of nuclei. To the filtered homogenate, 
an equal volume" of 2.5 M sucrose is added, followed by thorough mixing 
(repeated inversion in a stoppered measuring cylinder) thus producing a 
mixture of suitable density. Normally, 50 ml of filtered homogenate (rep- 
resenting <~s\l g of liver pulp derived from four or five rats) are processed 
in this manner. 

Step b. The 100 ml of density-adjusted homogenate are transferred . 
to four SB 110 tubes and each is overlaid with 1 ml of 1:0 M sucrose to 
assure that material .which floats to the top during the ensuing centrifugation 
is not exposed to an air-water interface. After centrifugation [45 minutes 
at 24,000 rpm in the IEC rotor SB 110 (^100,000 each tube con- 
tains a well-packed, mottled, pinkish-gray pellet, a tan supernatant, and a 
thick, reddish-tan pellicle. Shorter centrifugation (15-30 minutes) often 
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fails to give well packed pellets; longer centrifugation does not increase the 
yield of nuclei. Recentrifugation of the rehomogenized supernatant (see be- 
low) gives a small pellet with only marginal increase in the overall yield of 
nuclei. Separation of nuclei under these conditions of minimal ion content 
does lead to some swelling and gelation. However, since the elimination of 
ions lessens the aggregation of membranous organelles, this disadvantage 
is deemed acceptable. Attempts to remove nuclei by step gradient centrif- 
ugation of the entire homogenate 15 have been unsuccessful in that, with the 
large volumes used, considerable DNA is trapped at the lower interface 
and does not sediment further, even after prolonged centrifugation. This 
trapping occurs whether or not the underlay contains ion components (e.g., 
- TKM: 0.050 M Tris-HCl, pH 7.5, 25 wM KC1, 5 mM MgCU). 

Step c. The pellicle is dislodged from the walls of the centrifuge tube 
with a metal spatula, and, together with the viscous supernatant, carefully 
transferred into the tissue grinder and homogenized (two or three passes) 
to disperse all clumps. To the ^100 nil of this dispersed postnuclear super- 
natant 50. ml of water are added^with thorough mixing, to achieve a dilu- 
tion sufficient to allow subsequent sedimentation of the mitochondria. The 
mixture is divided into six portions and centrifuged for 15 minutes at 
15,000 rpm in the IEC rotor A211 (-^22,000 g). 

Step d. The pink, turbid supernatant is decanted and stored in a beaker 
(to which the mitochondrial washes are subsequently added) . The pellets, 
tan with a small red bottom layer (presumably erythrocytes), are sus- 
pended and homogenized in 25 ml of a mixture of 9 parts 0.50 M sucrose 
and 1 part inhibitory supernatant (IS). 16 The inclusion of IS at this point 
is a precaution to minimize nuclease attack on botmd polysomes. The mito- 
chondrial suspension is placed in two centrifuge .tubes and sedimented for 
15 minutes at 13,000 rpm in the IEC rotor A211 (^17,000 g). The super- 
natant is decanted and saved and the entire mitochondrial washing is re- 
peated. The pellets obtained' after each wash show a dark tan, tightly 
packed lower layer and a lighter tan, less tightly packed upper layer. In 
addition, an appreciable amount of pinkish, fluffy material is found which 
is only lightly packed and is decanted with the ^upernatants. Further 
washes of the mitochondrial fraction are ineffective in removing residual 
RNA. If the two washes are carried out with 0.25 M STKM, (0.25 M 

30 IS: Inhibitory supernatant Homogenize rat liver in 2 ml of 0.25 M per gram of 
sucrose. Centrifuge for 15 minutes at 20,000 rpm in the IEC rotor A211 to remove 
large debris. Recentrifuge the supernatant 2 hours at 44,000 rpm in the IEC rotor 
A211 (200,000 Remove the clear red supernatant (avoiding the floating milky 
scum as well as the loosely pelleted material. This supernatant, referred to as IS, 
stored frozen until use is a source of RNase inhibitor." 

"G. Blobel and V. R. Potter, Proc. Nat Acad. ScL 17.5. 55, 1283 (1966). 
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sucrose with the ionic composition of TKM) the contamination of the 
mitochondrial fraction with RNA is even greater. 

Step e. The combined mitochondrial supernatants are put into 8 tubes 
and centrifuged for 15 minutes at 13,000 rpm in the IEC rotor A211 
(^17,000 g). Each tube contains a tiny two-layer pellet (as in step d 
above) and a large layer of loosely packed, pinkish, fluffy material. The 
supernatants are decanted with gentle swirling to assure transfer of the 
pinkish fluff, and then gently homogenize to disperse any clumps. The 
pooled supernatants constitute the final postmitochondrial supernatant 
(PMS). All the .two-layer pellets (steps d and e) are combined and sus- 
pended for analysis as the "mitochondrial" fraction. 

Flow Diagram II (Fig. 2) 

The PMS (—180-190 ml, derived from — 17 g of liver) is used to 
separate free ribosomes, rough, and smooth microsomes on a discontinuous 
sucrose density gradient. 

Step a. The total PMS is distributed evenly in 8 centrifuge tubes, and, 
with a^syringe ^ lar g e ste ^ cannula, underlaid with: (i) 4 ml of a. mix- 
ture of 3 parts 2.0 M sucrose plus 1 part IS, and (ii) 1 ml of 2.0 M STKM. 
Layer i serves to separate rough (RM) from relatively smooth (SM) 
microsomes, and is approximately equivalent in density to 1.5 M sucrose. 
While the choice of this density cutofi results in an appreciable loss of 
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membrane-bound RNA to the SM fraction, it serves to minimize the ex- 
tent to which mitochondrial fragments contaminate the RM. The addition 
of ions (e.g., TKM) to the underlay is avoided, since this leads to poorer 
separation of RM from SM (as shown by the RNA distribution). If IS is 
not present in the 1.5 M sucrose underlay, free polysomes are more ex- 
tensively degraded, sediment more slowly, and therefore heavily con- 
taminate the RM fraction. 

Layer ii serves to separate RM from free ribosomes, which sediment 
through the 2.0 M STKM into a pellet. Addition of IS to the 2.0 M STEM 
layer does not improve the yield of preservation of free polysomes, so long 
as IS is present in layer i, above. Use of 2.0 M sucrose (without TKM) 
gives low yields of free ribosomes. 

Step b. The- step gradients are centrifuged 20 hours at 44,000 rpm in 
the IEC rotor A211 (— 200,000 g), . and the rotor is allowed to coast to a 
stop. Shorter centrifugation times greatly decrease the yield of free ribo- 
somes, and, if short enough (>4-8 hours), result in poor separation 
of RM from SM. Even after 20 hours' centrifugation, sedimentation of 
free ribosomes is only two-thirds to three-fourths complete. These incom- 
pletely sedimented free ribosomes (mostly monomers) are* easily removed 
from the RM during the subsequent differential centrifugation (step f, 
below). 

Step c. As indicated in flow diagram II (Fig. 2), after centrifugation, 
each tube contains a clear, pink-to-red supernatant above which floats a 
thin, milky scum. Membranous material accumulates in the lower part of 
the tube. Upon close examination, it can be seen that there are two reddish- 
brown membranous bands, one at each interf ace, with a small, relatively 
clear zone between them. Under these conditions of separation, -the upper 
band (crude smooth microsomes) is uniform, with no sign of. clumping or 
adherence to the tube walls. If TKM is present in the ^1.5 M sucrose 
underlay (or if the microsomes in the PMS are first sedimented and re- 
suspended to allow application of a more concentrated sample to the dis- 
continuous gradient) , the upper membrane band is not uniform. Clumping 
of material in this band was found to be always associated with higher 
contamination of SM with RM and lower yields of purified RM. The lower 
membrane band contains crude rough microsomes which, having been in 
contact with the 2.0 M STKM, are somewhat clumped. Free ribosomes 
sediment through the 2.0 M STKM form a small, pale-orange pellet, the 
orange color being due to contaminating ferritin. 

Step d. A syringe with a large steel cannula is used to remove the bulk 
clear supernatant (including the floating scum) from each tube and to 
transfer this to a beaker. 

Step e. Using the same syringe and cannula, the upper membrane layer 
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is removed and transferred to a graduated cylinder, care being taken not to 
disturb the lower membrane layer. Including the residual superantant fluid 
removed with this layer, a total of 50-60 ml of crude SM suspension is 
obtained. This is diluted with TKM to —150 ml, distributed in six tubes, 
and centrifuged 30 minutes at 44,000 rpm in the IEC rotor A211 
(— 200,000 The clear supernatants are then added to the bulk super- 
natant (step d) while the pellets constitute the SM fraction. 

Step /. The residual fluid contents of the step gradient tubes are de- 
canted into a graduated cylinder. Each tube is then gendy rinsed with 
—5 ml of 0.25 M STKM, and the rinses added to the same cylinder, care 
being taken to maximize transfer of the turbid fluid while minimizing dis- 
turbance of the ribosorae pellets. This crude RM suspension is brought to 
a volume, of —100 ml with 0.25 M STKM, gently homogenized, and cen- 
trifuged (in six tubes) 15 minutes at 35,000 rpm in the IEC rotor A211 
(^125,000 g). The supernatant is added to that stored from steps d and e. 
The^pellets are homogenized in 100 ml of 0.25 M STKM and recentrifuged 
(6 tiibes) 15 minutes at 30,000 rpm in the EEC A211 (,-95,000 g). The 
supernatants • are saved as a"bove, while the pellets constitute the fraction. 

Step g. The combined supernatants (steps d-f ) constitute the high-speed 
supernatant. 

Step /h. The small, pale-orange, slightly opalescent pellets left in the 
step gradient tubes . constitute the free ribosome fraction. The pellets of 
free ribosomes, RM and SM can be frozen and stored at -20°C. Since 
RM and SM' stored in this way form aggregates it is better to store the 
samples after resuspension in 0.25 M STKM (one pellet in ^2.0 ml) to 
which 4-6 ml of glycerol are added. The suspensions are kept at — 20 °C. 
RM and SM can be recovered from such glycerol suspensions by dilution 
(at least 5-fold) with the appropriate solution and centrifugation. 

Analytical data on the various cell fractions are presented in Table I. 
The nuclear fraction, which accounts for ^80% of the total DNA, is only 
slightly contaminated with mitochondria, as judged by the low cytochrome 
oxidase activity. The small amount of RNA present, being not much higher 
than that found in nuclei purified by other procedures, 18 suggests minimal 
trapping of ribosomal and/or rough microsomal elements. The mitochon- 
drial fraction, which accounts for ^85% of the recovered cytochrome 
oxidase, contains the bulk of the residual DNA. In addition, this fraction 
contains ^20% of the total RNA. .The assumption that this RNA reflects 
the presence of RM is supported by the observation that treatment of the 
mitochondrial fraction withfpuromycin, under appropriate ionic condi- 
tions, leads to release of ribosomal subunits and "stripped" membranes 

p - 

"A. Fleck and.H. N. Munro, Biochim. Biophys. Acta 55, 571 (19600. 
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(see next section). The significance of and the reasons for the persistent 
contamination of the mitochondrial fraction with RM remain unclear; 
numerous modifications of the fractionation scheme have failed to minimize 
the contamination. About 28% of the RNA in rat liver, is recovered in the 
RM fraction while the SM and RM fractions jointly contain -35% of the 
total RNA. Virtually all the RNA in these RM is due to ribosomes tightly 
bound to the membranes (i.e., contamination with free ribosomes is negli- 
gible). Assuming that 60% of all liver RNA is the ribosomal RNA of 
membrane-bound ribosomes, 1 the RM fraction contains nearly 50% of all . 
the membrane-bound ribosomes. The RNA: protein ratio of these RM 
(0.20-0.25 mg/mg) is in good agreement with results of others. The RM 
contain —5% of the cytochrome oxidase and a small amount of DNA, the 
significance of which remains obscure. 19 * 

The free.ribosome fraction contains slightly less than the expected 20%. 
of the total" RNA, 1 because some of the free ribosomes fail to sediment 
through the -2.0 M STKM layer of the step gradient and are left in. the 
crude RM layer. However, during the washing of the RM these free ribo- 
somes,. along with some small RM elements, are transferred to the com- 
bined high-speed supernatant fraction. Prolonged centrifugation of the 
supernatant leads to sedimentation of one-third to one-half of the RNA in 
this fraction, primarily as a mixture of free and bound ribosomes. 

Phospholipid phosphorus analysis indicates the expected distribution of 
lipids. 12 - 13 Both SM and RM fractions contain 0.6-0.7 mg of PLP per milli- 
gram of protein. Analysis of catalase, as a peroxisomal marker, 20 reveals 
—80% of the activity in the supernatant fraction, which suggests (as might 
be expected in view of the repeated homogenization involved in this pro- 
cedure) extensive rupture of peroxisomes. However, since a rather large 
fraction of rat liver catalase may exist in nonparticulate form 21 the exact* 
extent of peroxisome rupture is difficult to assess. The RM fraction contains 
—5% of the recovered catalase activity. Damage to lysosomes seems less 
extensive, since only —33% of the acid phosphatase activity is released 
to the supernatant, while an equal amount was found in the mitochondrial 
fraction (which is equivalent to the M + L fraction of de Duve et ai* 
The RM account for —10% of the recovered acid phosphatase activity. 
Electron microscopic examination of the SM and RM fractions corrobo- 
rates these biochemical analyses. The SM consist of a fairly heterogeneous 
population of membranous vesicles most of which are smooth-surfaced, 
although occasional ribosome-studded vesicles are found. In addition, 

19 W. C. Schneider and E. L. Kuff, /. Biol. Chem. 244, 4843 (1969). 

"P. Leighton, B. Poole, H. Beaufay, P. Baudhuin, J. W. Coffey, Fowler, and 

C. de Duve, 7. Cell Biol. 37, 482 (1968). 
21 R. S. Holmes and C. J. Masters, Arch. Biochem. Biophys. 148, 217 (1972). 
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mitochondrial fragments, presumptive lysosomes, and large, flattened 
sheets (presumably plasma membrane) are present. The RM fraction is 
considerably more homogeneous, consisting primarily of ribosome-studded 
vesicles, which, when sectioned tangentially show a fairly high density of 
attached ribosomes. 

The ribosomes in the RM and free ribosome fractions have been shown 
to be active in ah in vitro amino acid incorporation mixture with endog- 
enous messenger and to be stimulated by the addition of polyuridylic acid. 

Separation of Ribosomes from Membranes of Rough Microsomes 

It is known that ribosomes interact with microsomal membranes via 
the large (60S) subunit 22 and that the nascent polypeptide chain, which 
grows within a protected region in this subunit, 14 - 23 enters into close rela- 
tionship with the membrane immediately upon emerging from the ribo- 
some. 15 Chelating agents 22 and concentrated salt* solutions 24 devoid of 
magnesium ions can be used to release some or most of the bound ribo- 
somes from rough microsomes (RM), but such treatments produce a mix- 
ture of intact membranes and damaged or denatured ribosomes. On the 
other hand, detergents? which have been extensively used to release func- 
tional ribosomes from RM, 2 ? are effective only by greatly altering or de- 
stroying membrane stnictuxe^Jlecent developments 20 have made it possible 
to nondestructively separate RM into the component parts, viz.,, ribosomes 
and membranes. These developments are based on the finding 27 that treat- 
ment of free polysomes with puromycin in solutions of high ionic strength . 
leads to the disassembly of the polysomes into functionally viable ribosomal 
subunits. 

Examination of the effect of puromycin on the stability of ribosome- 
membrane interaction has shown 20 that the combined actio^ of this araino- 
acyl tRNA analog and appropriate Jiigh KC1 conditions caiKbe used to 
produce an efficient release of almost all the bound ribosomes from RM. 
Exposure of RM to a solution containing high KC1 but no puromycin, re- 
sults in release of some ribosomes (Fig. 3), the exact extent of release and 
state of the ribosomes being a function of the KC1 and MgCl 2 concentra- 
tions, as well as of the time and temperature of treatment. It does not ap- 
pear possible, however, to remove all ribosomes from RM by alterations in 
ionic constituents alone, unless conditions are used which lead to unfolding 

-D. D. Sabatini, Y. Tashiro, and G. E. Palade, /. Mol Biol. 19, 503 (1966). 
23 L. I. Malkin and A. Rich, /. Mol Biol 26, 329 (1967). 

24 T. Scott-Burden and A. O. Hawtrey, Biochern. 7. 115, 1063 (1969). 

25 J. K. Kirsh, P. Siekevitz, and G. E. Palade, /. Biol Chem. 235, 1419 (1960). 
20 M. R. Adelman, D. D. Sabatini, and G.. Blobel, 7. Cell Biol 56, 206 (1973). 
2T G. Blobel and D. Sabatini, Proc. Nat. Acad. Set US. 68, 390 (1971). 
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Fig. 3. Release of ribosomes from rough microsomes (RM) by combined action 
of high KCI and puromycin. Equal amounts of RM were incubated in S 250, Mg 5, 
T 50 plus 25, 100, 250, 500, 750, or 1000 mM KCI in the absence (upper panels) or 
in the presence (lower panels) of 0.79 mM puromycin. Samples were incubated for 
70 minutes at 0°C, 10 minutes at 37°C, and then 10 minutes at room temperature. 
Samples (0.45 ml, 0.37 mg RNA) were applied to 15-40% sucrose gradients con- 
taining the appropriate K, Mg, T buffer. Sedimentation was at 20°C: 1V4 hours 
40K-SB283 (~270,000). All profiles are presented with top of gradient at left, and 
the direction of sedimentation is from left to right. The small arrow (M) indicates 
the position of the ribosomal monomer (80 S) . Gradients run at [KCI] > 250 mM 
also show small- (4Q S) and, large (60 S) subunit peaks. The shading in the lower 
portions of thesd-' gradients is added to indicate that the UV absorption corresponded 
to a region in which membranes were visible (turbidity) but no attempt is made to 
indicate the exact extent of the turbidity. Membranous bands are designated with the 
symbol Mb. From ref. 26. 

hence denaturation — of the ribosomal subunits. But, under ionic condi- 
tions where partial releaser^functional ribosomes (or subunits) occurs, 
puromycin strongly enhaitces the extent of release. It is possible (see 
below) to remove up to^5% of ' all bound ribosomes by the combined 
action of puromycin and\high KCI under conditions where ribosome, as 
well as membrane, integrity is maintained. 

Those membrane bound ribosomes which are released solely in re- 
sponse to elevated ionic strength appear to be a mixture of. inactive ribo- 



NONDESTRUCTIVE DISASSEMBLY OF ROUGH MICROSOMES 



somes and of ones bearing relatively short nascent chains. Experiments 
with [ 3 H]puromycin and/or [ 3 Hlleucine pulse-labeled KM have shown that 
the puromycin releasable ribosomes react with the drug at low KC1 and 
release their nascent chains vectorially to the microsomal membrane. How- 
ever, at low ionic strength, some as-yet-unspecified interaction between the 
large ribosomal subunit and the membrane is maintained and only when 
the KC1 concentration is elevated are the* ribosomes released. Thus all 
membrane-bound ribosomes are attached via a Jj^ge subunit-membrane 
interaction. In addition, .some, but not all, ribosides are tightly held to 
the RM by an interaction involving the nascent p^peptide chain. Only 
when both interactions are destabilized, by the combined action of high 
KC1 and puromycin can the bound ribosomes be released in a nondestruc- 
tive manner. 

For routine disassembly RM (prepared as described in the preceding 
section) are suspended in 0.25 M sucrose, 0.75 M KC1, 5 mM MgCl 2 , 
50 mM Tris-HCl, pH 7.5 plus 1 mM puromycin at a final concentration of 
1-2 mg RNA/ml (5-10 mg protein/ml) . The suspension is then incubated 
for 1-2 hours at room temperature. A shorter incubation time (15-30 
minutes) at 37°C is also effective but variable results, some suggestive of 
large subunit breakdown, have been found using the high temperature. The 
reaction mixture can be directly separated into large and small subunits 
and stripped membrane fractions by zone sedimentation in sucrose density 
gradients (see legend to Fig. 3). The appropriate zones are collected sepa- 
rately, diluted with a suitable buffer (e.g., TKM) and centrifuged: 15 
minutes at 30,000 rpm in the IEC rotor A211 ( -^0,000 g) for the 
stripped membranes; 3 hours at 44,000 rpm in the IEC rotor A211 
(^200,000 g) for the ribosomal subunits. It should be noted that density 
gradient analyses such as those in Fig. 3 are considerably facilitated by the 
tendency to aggregate of RM (or stripped membranes therefrom) which 
have been stored frozen in pellet form. When RM which aire freshly pre- 
pared or have been stored after suspension in glycerol are/used, the mem- 
branes aggregate less, form broader bands in the gradients (because they 
take longer to reach their isopycruc position) and are thus less well re- 
solved from the ribosomal subunits. When stripped membranes, but not 
ribosomal subunits, are required the reaction mixtures can be subjected 
directly to differential centrifugation 15 minutes at 30,000 rpm in the EEC 
rotor A211 (^90,000 g) and the membrane pellets may be washed as 
desired by repeated suspension (gentle homogenization) in and resedi- 
mentation from a suitable washing medium, such as 0.25 M sucrose con- 
taining 50 mM Tris-HCl pH 7.5, 25 mM KC1, and 5 mM MgCl 2 . 

By subjecting RM to the above protocol, it is possible to prepare 
stripped membranes which have released ^85% of their bound RNA 
(Table II), The exact nature of the residual 15% is not clear; these resid- 
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ual ribosomes may be removed (in denatured form) by washing the 
membranes with 1.0 M KC1 (no MgCL>). It must be reemphasized, how- 
ever, that total removal of all bound ribosomes has been achieved only 
under conditions leading to extensive unfolding of the subunits. With the 
nondestructive procedure presented here, -85% of all bound ribosomes 
are recovered as subunits which are at least partially active in . translating 
polyuridylic acid in an in vitro amino acid incorporating system. The 
stripped membranes are recovered as closed, apparently intact vesicles. 
The data of other workers indicate that the ionic conditions employed do 
not markedly affect characteristic membrane enzymes. 



[20] Procedure for the Selective Release eContent from 
Microsomal Vesicles without Membrany^sassembly 

By G. Kreibich and D. D. Sabatini - 

Preparation of Microsomes 

Rough microsomes (RM) and smooth microsomes (SM) are pre- 
pared by the procedure of Adelman et al 1 (see this volume,. 19a) from 
male albino rats of the Sprague-Dawley strain. Microsome pellets (10-30 
mg protein per fraction) are stored at -20°C to -40°C f£r up to 2 
months. Alternatively, and to reduce aggregation, 2 freshly prepared micro- 
somes can be resuspended in 0.25 M sucrose, 25 mM KC1,. 50 mM Tris- 
HC1 pH 7.4, 5 mM MgCl 2 , mixed with 2 volumes, of glycerol and kept at 
-20° to -40°C. Before use, the microsomes stored in glycerol are diluted 
four times with a solution containing 0.25 M sucrose, 0.5 M KCL 50 mM 
Tris-HCl pH 7.5,. 10 mM MgCL, and recovered by sedimentation (15 min- 
utes at 40,000 rpm in the IEC rotor A321). Microsomes stored as pellets 
are washed once (20 minutes at 20,000 rpm in the IEC A211 or in the 
Ti 60 Spinco rotors) in a medium of high ionic strength (HSB) (25 mM 
sucrose, 50 mM Tris-HCl pH 7.5, 0.5 M KCl, 10 mM MgCl 2 ). 

From 22 g of rat liver (4-5, 120-150 g rats) an average of 180 mg 
protein is recovered in RM and 190 mg protein in SM. 

Detergent Treatment 

Table I lists five detergents of different polarity which can be used to 
release the content of microsomes without producing membrane disassem- 

'M. R. Adelman, G. Blobel, and D. D. Sabatini, 7. Cell Biol. 56, 191 (1973). 
2 D. Borgese, G. Blobel, and D. D. Sabatini, /. Mol. Biol. 74, 415 (1973) . 
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gradient. Centrifugation is performed in an SW 27 rotor (Beckman) at 
80,000 g for 48 hr. At the end of centrifugation, 5 visible bands are 
apparent (Fig. 8). The relatively narrow band 1 has a white flaky 
appearance (density 1.085 g/cnr 5 ). Bands 2 and 3 are finely dispersed, 
white, and equilibrated at 1.11-1.12 and 1.14-1.15 g/cm 3 , respectively. 
Fractions 4 and 5 are gray, grainy, and localized at densities 1.18 and 
1.20 g/cm 3 , respectively. The enzyme compositions of the five bands are 
different and show separation of a number of enzyme groups; in these 
groups the enzymes are functionally related to each other. The first band 
contains adenosine monophosphatase, inosine diphosphatase, and some 
glucose-6-phosphatase; band 2 is enriched in the NADH-linked, and 
band 3 in the NAB'PH-linked, electron transport enzymes; bands 4 and 5 
have glucose-6-phosphatase as their main enzyme component. Deoxy- 
cholate inactivates a part of the enzyme activities, and total recoveries 
cannot be obtained by this procedure. The phospholipid: protein ratio 
decreases from band 1 to 5 and is 2.51, 1.37, 1.01, 0.38,. and 0.11, 
respectively. 

It is not clear what the mechanism of particle formation in detergent- 
containing gradient iCJJt appears that deoxycholate liberates membrane 
fragments, which uponSradient centrifugation equilibrate in different 
bands. The presence of similar fragments in high concentration within 
the same band may result^in aggregation of these fragments to larger 
particles. (|< 



[6] Preparation of Microsomes with Calcium 
By John B. Schenkman and Dominick L. Cinti 

Isolation of the microsomal fraction of the hepatic cell generally 
employs a procedure of differential ultracentrifugation. 1 " 3 The usual 
method normally consists of homogenization of the tissue in a medium 
such as 0.25 M sucrose, followed by sequential centrifugsrtions at 600 g, 
8000-12,000 g, and 105,000g, the last yielding a pellet designated the 
microsomal fraction/ This method, which had been developed for 
mammalian liver tissue, has also been employed to obtain "microsomal" 

j 

1 G. H. Hogeboom, W.. C Schneider, and G. E. Palade, /- Biol. Chem. 172, 619 (1948). 
! W. C Schneider and Q. H. Hogeboom, J. Biol. Chem. 183, 123 (1950). 
3 G. H. Hogeboom, this series, Vol. 2, p. 16. 
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fractions from a variety of tissues, such as lung, 4 ; 6 kidney, 7 * 8 spleen, 9 
adrenals. 10 

Other procedures used to isolate microsomes have been developed to 
replace ultracentrifugation for two main reasons: (^differential ultra- 
centrifugation requires an expensive ultracentrifuge; (2) it is time con- 
suming, requiring 2 hr of ultracentrifugation. Two methods that have 
been used to isolate microsomes from the postmitochondrial fraction are 
acid precipitation" and gel filtration. 12 The former procedure, while 
circumventing the above two problems, results in the inactivation of a 
number of microsomal enzymes, namely, cytochrome P-450, glucose-6- 
phbsphatase, NADH-cytochrome b 5 reductase, and NADPH-cyto- 
chrome c reductase. In the latter procedure, i.e., gel filtration, the mam 
disadvantages include the need for several columns, much gel material 
(Sepharose 2B) and a fraction collector. In addition, time is consumed in 
the washing and equilibration of the gel, in the preparation of the 
column(s), and in the elution of the microsomal, fraction. 

In recent years one of the procedures for microsomal isolation which 
has been extensively studied and is gaining acceptance in mammalian 
liver studies is a method involving aggregation of microsomes with 
calcium. 13 - 17 Basically, this involves ihe addition of Ca 2+ ions to the 
postmitochondrial supernatant followed by a short centrifugation at 
speeds obtainable with most refrigerated^centrifuges, such as the Sorvall 
RC-2B. The microsomal pellet can then b^resuspended and washed or 
used immediately. The use of Ca 2+ ions teT prepare microsomes greatly 
reduces the time necessary for isolation of this fraction and eliminates 
the need for an ultracentrifuge. " 

'D.Gax&iike^Comp. Biochem. Physiol. 8, 367(1963). 

6 W. W. Oppelt, M. Zange, W. E. Ross, and H. Remmer, Res K Commun. Chem. Pathol. 
Pharmacol. 1,43 (1970). ; - 

6 J. R. Bend, G. E. R. Hook, R. E. Easterling, T. E^Gram, and J. R. Fouts, /. 
Pharmacol. Exp. Ther. 183, 206 (1972). <' 

7 A. Ellin, S. V. Jakobsson, J. B. Schenkman, and S. Orrenhis,.Arc/i. Bwchefn } piopnys. 

150, 64 "(1972). .. „. . eAA 

8 R. Grundm, S. Jakobsson, and D. L. Cinti, Arch. Biochem. Biophys. 158, 544 (1973). 

9 R. Tenhunen, H. Marver, N. R. Pimstone, W. F. Trager, D. Y. Cooper, and R. Schmid, 

Biochemistry 11, 1716 (1972). ' ,», A /io«\ 

10 D. Y. Cooper, R. W. Estabrook, and O. Rosenthal, J. Biol. Chem. 238, 1320 (1963). 
11 R. Karler and S. A. Turkanis, Arch. Int. Phiarmacodyn. f75 ? 22 (1968). 

14 0. Tangen, J. Jonsson, and S. Orrenius, Anal. Biochem. 54; 597 (1973). 

13 S. A! Kamath, F. A. Kummerow, and K. Ananth Narayan, FEBS Lett. 17, 90 (1971). 

M J. B. Schenkman and D. L. Cinti, Life Sci. 11, 247 (1972). 

18 S. A. Kamath and K. Anath Narayan, Anal. Biochem. 48, 53 (1972). 

15 D. L. Cinti, P. Moldeus, and J. B. Schenkman, Biochem. Pharmacol. 21, 3249 (1972). 
17 D. Kupfer and E. Levin, Biochem. Biophys. Res. Commun. 47, 611 (1972). 
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Reagents 

Sodium chloride, 0.9% 

Sucrose, 250 mM-10 mM Tris-chloride, pH 7.4 
Calcium chloride <\ " f " 

Potassium chloride 150 mM-10 mM Tris-chloride, pH 7.4 

Procedure y 

The method to be described applies to livers obtained from rats; 
application of the Ca 2+ procedure to other tissues will be discussed 
separately. Livers from fed or starved (24 hr) Sprague-Dawley rats 
(200-300 g) are removed and immediately perfused with 0.9% saline to 
remove the bulk of blood, since hetffaglobin interferes with spectral 
analysis of the microsomal hemoproteins, and has been reported to 
catalyze certain hydroxylations, 18,19 Jhe livers are then minced and 
homogenized in 0.25 M sucrose containing 10 mM Tris-chloride, pH 7.4; 
the concentration of the liver homogenate can vary from 10% to 25% 
without any significant effects on_the microsomal activities. We have 
observed that the more dilute the homogenate, the greater is the yield of 
microsomal protein (Cinti and 'Schenkman, .unpublished observations). 
The 10-25% homogenate is then centrifuged as shown in Fig. 1 to obtain 
the postmitochondriai (12,000 g) supernatant. Addition of solid CaCl 2 
(8.0 mM final concentration) to the postmitochondriai supernatant al- 
lows complete sedimentation of the microsomes at 25,000 g in 15 min. 
The pellet is then washed by resuspending in an equal volume of 150 
mM KC1 containing . 10 mM Tris-chloride, pH 7.4, by rehomogenization 
and is resedimented at 25,000 g for 15 min. The resultant pinkish, 
opalescent pellet of microsomes overlies a small translucent glycogen 
pellet (in fed rats), from which it is readily separated by tapping the test 
tube. Shortcuts in this procedure can be taken; for example, if livers are 
well perfused, with NaCl and one is interested only in obtaining micro- 
somes, the liver homogenate may be immediately centrifuged at 12,000 g 
for 15-20 min; to the resulting supernatant, 8 mM CaCl 2 is added 
directly, followed by pentrifugation at 25,000 g for 15 min. 

One can readily modify these procedures further to accommodate 
centrifuges of lesser speeds by diluting the postmitochondriai superna- 
tant 10-fold from 0.25 M sucrose after addition of calcium. The decrease 
in viscosity allows the microsomes to sediment out in about 15 min in a 
flask on ice. 16 

18 J. J. Mieyal, R. S. Ackerman, J. L. Blumer, and L. S. Freeman, J. Biol. Chem. 251, 
3436 (1976). < 

19 J. R. Gillette, B. B. Brodie, and B. LaDu, /. Pharmacol. Exp. Ther. 119, 32 (1957). 
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Liver Homogenate 


(10-25% in 


250 mM succose- 


10 mM Tris-HCl, pH 7.4) 




Centrifuge @ 600 




5 min 



Supernatant 



Centrifuge @ 12,000 s 
10 min 



Supernatant 



Add solid CaCl 2 to a final 
concentration of 8 mM, stir, 
and centrifuge- at 25,000 g 
15 min 



Microsomal pellet 



Resuspend in 150 mM KC1-. 
10 mM Tris HCI, pH 7.4 
Centrifuge at 25,000 g 
15 min 



Washed microsomal 



pellet 



Precipitate discarded 
(cell debris, nuclei) 



Precipitate discarded 
(mitochondria, light 
and heavy; some micro-, 
somes) 



Supernatant discarded 



Y 



Particle-free supernatant" 
(occasionally some free 
ribosomes). Discard 



Fig. 1. Flow diagram of procedure for the calcium sedimentation of microsomes. All 



steps are carried ourai 



;tV-4< 



Role ofCa 2 * Ions in the Isolation of Subcellular Membranes 

The use of divalent cations, such as Ca 24 \ in the isolation of 
membrane fractions >fras first reported more than 25 years ago. Schnei- 
der and Petermjmn 20 employed Ca 2+ ions to isolate mouse spleen nuclei, 
which appeared to be morphologically intact and apparently, free of 
cytoplasm; this, was extended to isolation of calf thymus nuclei by 

20 R. M. Schneider and M. L. Petermann, Cancer Res. 10, 751 (1950). 
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Allfrey and Mirsky. 21 The Ca 2+ ion is particularly effective in preventing 
nuclear fragmentation and clumping. Sarcoplasmic reticulum vesicles .of 
skeletal muscle also respond to Ca 2+ , rapidly accumulating it from the 
medium through the action, of a Ca 2+ -stimulated ATPase. 22 * 23 

In 1958, Gross and Pearl 24 obtained a pentose nucleoprotein-rich 
fraction of microsomal origin, upon addition of Ca 2+ to a rat liver 
homogenate. Carvalho et al. 25 reported hepatic microsomes bind both 
Ca 2+ arid Mg 2+ . ,Ttiey found that the extent of binding was a function of 
the cation concentration, with saturation of the microsomal binding sites 
above 2 mAf concentration. These investigators suggested, on the basis 
of pi£ a values, that imidazplium and secondary phosphate groups could 
be the binding sites for thfc divalent cations. This cation-binding ability 
may be the basis for the Ca 2+ -aggregation of microsomes. 14 " 17 It has 
been reported 15 jthat other divalent cations, like Mg 2+ , Fe 2+ , Ba 2+ , Hg 2 \ 
and Zn 2+ , are also capable of aggregating microsomes, while monovalent 
and trivalent cationPhave very little aggregating ability, . 

Recent studies have shown that rat liver microsomes have the ability 
to accumulate Ca 2+ in a manner similar to mitochondrial 6 ; this sequester- 
ing mechanism appears to differ from the process^m^^auses aggrega- 
tion, since the' former mechanism appears to be eneigy dependent, 
requiring specifically ATP and Mg 2+ , whereas aggregation does not. 

. •>> 

Effect of Ca 2 * Ions on Microsomal Enzyme Systems 

An extensive number of enzymic activities have been examined in 
microsomes prepared by Ca 2+ aggregation dtrid compared with the 
activities in microsomes prepared by older ultracentrifugation proce- 
dures. In the table is a list of enzymic activities and other microsomal 
membrane constituents that are unaffected by the Ca 2+ aggregation 
method. Kamath and Narayan 15 reported that aniline hydroxylase and 
ethylmOrphine demethylase activities were somewhat higher in Ca 2+ - 
prepared microsomes; however, we have found no differences in these 
two activities. 14,16 Montgomery et aL 27 recently reported that ferritin, 

21 V. G. Allfrey and A. E. Mirsky, Proc. Natl Acad. Sci. L/.S.A. 43, 589 (1957). 

22 S. Ebashi, and R Lipmann, J. Cell Biol 14, 389 (1962). 

23 G. Meissner, Biochim. Biophys. Acta 298, 906 (1973). 

24 P. R. Gross and W. Pearl, J. Cell Comp. Physiol 52, 147 (1958). 

25 A. P. Carvalho, H. Saiiui; and N. Pace, J. Cell Comp. Physiol 62, 311 (1963). 

28 L. Moore, T. Chen, H. R. Knapp, Jr., and E. J. Landon, 7. Biol Chem. 250, 4562 
(1975). 

27 M. R. Montgomery, C. Clark, and J. L. Hpltzman, Arch. Biochem. Biophys. 160, 113 
C1974). 
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Rat Liver Microsomal Enzyme Activities and Microsomal Membrane 
Constituents Shown To Be Unaffected by Ca 2+ Aggregation 



Component 



Glucose 6-phosphatase 
Inosine diphosphatase 
5'-Nucleotidase 

Mg 2+ -Na + -K + -dependent ATPase 
Cytochrome b & 

NADH-cytochrome b 5 reductase 

NADH-cytochrome c reductase 

Cytochrome P-450 

NADPH-cyt9chrome c reductase 

NADPH-cytochrome P-450 reductase 

Aminopyrine demethylase 

Aniline hydroxylase 

p-Chloro-N-methylaniline demethylase 

Biphenyl-4-hydroxylase 

UDP-glucuronyl transferase 

Tetrahydrocannabinol hydroxylase 

Total lipids 

Phospholipids 

Cholesterol 

RNA 



Percent 




conventional 




activity 


References 


97 


13 


96 


15 


92 




98 


15 


101 


16 


100 




102 


& 


107 


lo 


100 


16 


99 


16- 


: 96 


14 


■ 106 ' 


14 


" 145,98 


17,31 


90 


31 


98 


31 


145 


17 


93 


15 


101 ' 


15 


103 • 


15 


95 


15 



a S. A. Kamath an&E. Rubin, Biochem. Biophys. ReSj Cdmmun. 49, 52 (1972). 
* D. L. Cinti and J; ®zels, Biochim. Biophys. Acta 410, 32.(1975). 

vr y . - 

which is the major source of nonheme iron, was largely removed from 
microsomes prepared by Ca 2+ aggregation. This would agree with our 
observation (Cinti and Schenkman, unpublished) that lipid peroxidase 
activity is virtually absent in microsomes prepared by calcium aggrega- 
tion in the absence of an iron chelate, and 5 would suggest a greater 
stability to storage of such microsomes. Microsomes precipitated with 
Ca 2+ reportedly give lower protein values with two Of nine protein assay 
procedures, 28 apparently owing to the inability of dilute NaOH (less than 
0.3 N) to adequately dissociate the microsomes. 

Application of the Ca 2+ -Aggregation Method to Other Tissues and 
Species 

The calcium aggregation method cannot be universally applied to all 
tissues and species. Although mouse hepatic microsomes show the same 



88 P. W. Albro, Anal. Biochem. 64, 485 (1975). 
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p-nitroanisole O-demethylase activity, NADPH oxidase activity, and 
cytochrome P^SO content 29 when prepared by this method, as compared 
with ultracentrifugation techniques, and adrenal, ovaries, and testes 
microsomal steroid metabolizing activity is likewise unaltered, 30 the 
same is not true with all, preparations. For example, microsomes 
prepared from the abdomen of' insecticide-resistant and susceptible 
house flies, and from the midgut of the southern army worm, showed 
significant differences when the two isolation procedures were com- 
pared; O-demethylation activity, NADPH oxidase activity, and cyto- 
chrome P-450 content were greatly diminished in the Ca 2+ -aggregated 
preparation, 29 Rat and rabbit lung microsomal. preparations are appar- 
ently also susceptible to harm by Ca 2+ -aggregation, 31 siiice the treatment 
diminished microsomal NADPH-cytochrome c reductase activity, p- 
chloro-iV-methylaniline demethylase, and biphenyl-4-hydroxylase; these 
same activities were unimpaired in rat and rabbit kidney. 31 These 
observations indicate that, before adapting the calcium aggregation 
procedure to preparation of microsomes of pother tissue or species, it 
is necessary to first determine whether the mSSiod is deleterious, 

29 R. C. Baker, L. B. Coons> and E. Hodgson, Chem.-Biol, Interactions 6, 307 (1973). 

30 A. Warchol and R. Rembiesa, Steroids Lipids Res, 5, 113 (1974); - 

31 C. L. Litterst, E. G. Mimnaugh, R. L. Reagan, and T. E. Gram, Life Sci. 17, 813 (1975). 



[7] Purification and Properties of NADPH-Cytochrome 

P-450 Reductase 1 

By Henry W. Strobel and John David Dignam 

NADPH-cytochrome P-450 reductase, a Apoprotein component of 
the endoplasmic reticulum of liver and other organs, catalyzes the 
transfer of electrons from NADPH to cytochrome P-450. Cytochrome P- 
450 is the terminal oxidase of the drug metabolism system which 
hydroxylates a variety of compounds, such as alkanes, fatty acids, 
drugs, and steroids. 2 Several forms of this hemoprotein have been 
purified to homogeneity, differing in minimum molecular weight and 
substrate specificity. 3 * 4 

1 Supported by Grant CA 19621 from the National Cancer Institute and DRG 1258 from 
the Damon Runyon Memorial Fund. 

2 B. B. Brodie, J. R. Gillette, and B. N. LaDu, Annu, Rev, Biochem. 27, 427 (1958). 

3 E>. Ryan, A. Y..H. Lu, S. West, and W. Levin, J. Biol Chem. 250, 2157 (1975). 

4 D. A. Haugen, T. A. van der Hoeven, and M. J. Coon, J, BioL Chem, 2S0, 3567 (1975). 



